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ABSTRACT

Studies of Laser Guiding and Electron Injection in a High Power Laser Wakefield
Accelerator

by

Christopher S McGuffey

Co-Chairs: Karl M. Krushelnick and Alexander G. R. Thomas

This thesis describes experimental findings related to Laser Wakefield Acceleration

(LWFA)- the efficient acceleration of electrons to relativistic energies using an ultrain-

tense laser pulse to drive nonlinear waves in an underdense plasma.

In order to extract the highest possible energy from the accelerating structure, the

accelerator should be operated at the lowest possible density. To date the most suc-

cessful LWFA experiments have relied on self-injected, rather than externally-injected

electrons. The mechanism of self-injection mandates a minimum threshold density

for injection. These two requirements are conflicting as self-injection requirements

limit the achievable acceleration. Additionally, a means must be found to keep the

intense laser focused, or guided, over the entire length of the accelerator.

In this thesis, ablative capillaries were used to demonstrate guiding of 35 TW laser

pulses. The experiment concluded that ablative capillaries can guide LWFA-relevant

laser pulses to a sufficient degree to drive large amplitude relativistic plasma waves

throughout 3 cm. However, capillary degradation and photoionization of the ablated

material add further complication to the accelerator. No accelerated electrons were

xviii



detected in this experiment because the density was found to be too low for injection.

Another potential solution to the guiding requirement is reliance on self-guiding.

The nonlinear process of self-focusing, if properly matched, can guide pulses in plasma

without requiring external structures. LWFA experiments were conducted using an

extended gas cell target. The transmitted laser mode was studied as a function of

plasma density and focusing geometry. An appropriate range of P/Pcrit was found

over which the laser can be guided for distances as long as 19 mm.

Because of the impetus for operating at low density, any decrease in the density

threshold for self-injection is beneficial. Ionization-induced injection, or injection of

electrons born by ionization by the peak of the laser pulse, was found to significantly

lower the injection threshold and increase the injected charge by as much as an order

of magnitude compared to self-injection in a pre-ionized plasma at the same density.

The research presented here will guide upcoming experiments at Michigan and

elsewhere attempting to achieve and control multi-GeV electron acceleration. Some

of these experiments will rely on ionization-induced injection and self-guiding in a gas

cell.
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CHAPTER I

Introduction and Background

1.1 Dissertation Outline

This dissertation describes research conducted in the field of Laser Wakefield Ac-

celeration (LWFA). This chapter discusses motivation for research in this area and

provides the theoretical background required to understand research in LWFA. Chap-

ter III describes the facilities, diagnostics, and experimental techniques used for the

research in this dissertation. Chapters IV-VI present experimental results obtained

in three distinct LWFA configurations. Chapter VII describes a novel injection mech-

anism for LWFA and discusses the role it can play in various accelerator schemes.

Finally, Chapter VIII gives an overview of the electron and photon sources which

have been delivered using these methods and conclusions are drawn about their ap-

plicability and future potential.

1.2 Established Electron Accelerator Technology

As a physicist, the 1920s must have been one of the most exciting decades to

be alive. The discovery of nuclear decays opened a new world, and the great de-

bate of quantum mechanics vs. determinism attracted great minds. In order to

test predictions in nuclear and quantum physics, a new tool was needed- the par-
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ticle accelerator. The first kind of particle accelerator- the electrostatic generator-

was quickly transformed from an entertaining curiosity to an important scientific

instrument. The accelerating potential of a single electrostatic accelerator stage is

limited by the highest voltage which can be applied without breakdown (for example,

a 10 MV Van de Graaff generator). A tandem accelerator can be used to double this

maximum, and a stepped device such as a Cockcroft-Walton generator can be used

to efficiently synthesize high voltage. It was soon realized however that instead of

accelerating entirely in single or modular stages, acceleration to very high energies

could be made more practical by applying accelerating fields which are synchronized

or cyclical with the accelerating particle. This is achieved in a Radio Frequency (RF)

cavity such as a linear accelerator (LINAC) by applying a potential to a series of

electrodes and advancing the potential so that it stays in front of the particle. In

a cyclotron or betatron, accelerating particles are constrained to spiral orbits by a

magnetic field, receiving a synchronized acceleration with each revolution. A syn-

chrotron uses controllable magnetic fields to compensate for the increased difficulty

of synchronized acceleration when particles reach relativistic energies. Circular accel-

erator paths make the geometry of an accelerator more practical, but the bending of

particles’ trajectories comes with an inherent loss mechanism known as synchrotron

radiation. This radiation emitted, in some cases called betatron emission, is not to

be confused with the devices, the betatron or the synchrotron. Synchrotron radiation

was originally considered an unfortunate loss mechanism in accelerators. However,

the important applications of the radiation are now recognized and many of today’s

facilities generate the radiation intentionally, generally with an insertion device (un-

dulator or wiggler) which is a series of alternating magnetic poles.

Research conducted with high energy accelerators has transformed our under-

standing of the universe from the subatomic to astronomical scales. Early accelera-

tors investigated nuclear interactions, explored the stability of nuclei, and discovered
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synthetic isotopes (which is still an ongoing topic of research). Accelerators have

produced 16 of the 17 elementary particles predicted by the standard model and

have shed light on the rules of particle interactions that shape the universe. High

energy accelerators today strive to achieve > TeV center-of-mass collisional energies

to search for exotic particles including that 17th particle, the Higgs boson.

1.2.1 Existing Facilities and Capabilities

The Stanford Linear Accelerator Center (SLAC) (now known as the SLAC Na-

tional Accelerator Laboratory) was the highest energy lepton accelerator in the world

from 1966 until 1989, producing electron or positron beams with up to 50 GeV energy.

Due to growing demand for x-ray light sources, SLAC was reconfigured to become

the Linac Coherent Light Source (LCLS) [1], shown as a schematic in Fig. 1.1 (left),

at which time a portion of the accelerator was replaced with a 132 m magnetic in-

sertion device, see Fig. 1.1 (right). The LCLS is the first x-ray free electron laser

in the world, providing x-ray pulses with 100 fs duration at 60 Hz repetition rate

with photon energy in the range 0.48 − 10 keV . A Free Electron Laser (FEL) dif-

fers from more common synchrotrons in that the emission is stimulated, producing

a monochromatic, temporally coherent radiation source which also has a high degree

of spatial coherence. This requires a long undulator and occurs because the electron

beam and x-ray beam copropagate, causing the beam to bunch and oscillate with the

same periodicity as the initial dominant x-ray wavelength. The LCLS total project

baseline cost was $420M.

The strongest undulator at the Soleil facility [2] in France uses 90 undulator pe-

riods producing synchrotron light with critical energy between 3-18 keV. The Swiss

Light Source [3] spectrum covers 5-40 keV. These sources do not exhibit stimulated

emission and the beams have very limited temporal coherence. The Free-Electron

Laser in Hamburg (FLASH) [4] at the German Electron-Synchrotron (DESY) has
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Figure 1.1:
The Linac Coherent Light Source upgrade replaced the final kilometer
of SLAC with an undulator and additional experimental facilities. The
132 m long LCLS undulator at SLAC. Images courtesy of the SLAC
National Accelerator Laboratory.

produced coherent XUV pulses in the water window corresponding to photon en-

ergy of 200 − 300 eV , an important spectral range in which XUV transmission in

water is much higher than in carbon, allowing high contrast imaging of organic ma-

terials in water. The European X-ray Free Electron Laser (XFEL) [5] has begun

construction and is scheduled to begin operation in 2015. The project will cost

an estimated 1.1B Euro. The accelerator will extend 1.7 km and accelerate elec-

trons to 17.5 GeV . The FEL will produce 100 fs pulses with peak brightness of

5x1033 photons/s/mm2/mrad2/0.1%BW . The International Linear Collider [6] is a

proposed lepton collider which may be built to collide 1.6 nC pulses at 500 GeV col-

lision energy at 14 kHz using an acceleration gradient of 31.5 MeV/m. The project

would require over 31 km for the accelerator and undulator and cost an estimated

$6.65B (USD).

The energy gain from any accelerator is ultimately limited by size and the accel-

erating gradient that can be sustained, while x-ray beam quality and photon energy

are constrained by the strength and minimum practical spacing of undulator magnets

and by the beam energy.
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1.2.2 Applications

Electron accelerators have made many outstanding contributions to high-energy

physics. While a handful of large accelerator facilities catch the headlines, there is a

great number of smaller accelerators used for radiotherapy, radioisotope generation,

and scientific research. Electron accelerators can be used for electron beam lithog-

raphy [7] as well as for radiography or radiotherapy either directly or via x-ray gen-

eration [8]. The prevalence of smaller scale accelerators has led to their widespread

use as light sources, either through bremsstrahlung or synchrotron radiation. For

example:

• Probing matter such as active interogation of special nuclear materials [9]

• γ−induced nuclear transmutations [10–12]

• Free Electron Lasers [13]

• Inelestic scattering from atomic and nuclear processes [14, 15]

• Time resolved pump-probe chemistry experiments [16]

• Metallurgy, surface diffraction and scattering, crystal diffraction [17, 18]

• Protein crystallography [19] (for example, advanced light sources have been used

to determine the structure of the avian flu and 1957 H2N2 viruses [20, 21]).

1.2.3 High Gradient Schemes

The maximum accelerating field strength in radiofrequency (RF) cavities used

in conventional particle accelerators is fundamentally limited by the onset of electric

breakdown. The maximum achievable field has increased due to new materials, the use

of superconductivity, and improvements in the surface quality of the cavity. However,

this limit will likely still constrain particle physics RF accelerators to the realm of
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km-scale devices. The current maximum accelerating gradient is ∼ 100 MV/m and

typical operational gradients are ∼ 20 MV/m. The Compact Linear Collider, a

proposed 3 TeV, 33 km accelerator has a design gradient of 150 MV/m [22].

Because km-scale devices are very expensive, undeveloped schemes offering very

high accelerating gradients have become of interest for future compact accelera-

tors. For example, the electric field at the focus of today’s highest power lasers

is > 10 TV/m. This field, however, is more difficult to use as an accelerator because

it is primarily directed perpendicular to the direction of propagation, it is localized

within half a wavelength, and it propagates with a phase velocity of c. For a particle

to gain kinetic energy from a wave and copropagate with it (to become trapped) the

particle must first be moving at nearly the phase velocity of the wave. These chal-

lenges may be overcome using clever focusing geometries and propagating in media

such that the phase velocity can be ramped up to c controllably. For these schemes,

the accelerating field must not be present in any medium which can be ionized, as

plasmas have refractive index, η ≤ 1, causing the accelerating phase fronts to outrun

the particles.

Another consequence of laser propagation in a plasma is the ponderomotive force

(see Sec. 2.2.4). This force may be useful for acceleration, because it advances

at the laser group velocity, which is ≤c and is directed in both the transverse and

longitudinal directions. Schemes based on acceleration by the laser field are known

as Direct Laser Acceleration (DLA) [23].

Plasma is a state of matter composed of charged particles whereby the collective

behavior of the charges is driven by global charge neutrality rather than by collisions

with neutral particles. Plasmas can support electrostatic waves with field strength

determined by the amount of charge present. The electric field strength within these

waves can reach or even exceed the cold nonrelativistic wave breaking limit, which can

be estimated as [24] EWB = cmeωp/e where me and e are the mass and charge of an
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electron respectively, and ωp =
√

4πnee2/me is the plasma frequency (see Sec. 2.1).

This approximate limit can exceed the RF breakdown field by 4 orders of magnitude.

These plasma waves are well-suited for particle acceleration because they can have

fields along the propagation direction, have spatial scale λp = 2πc/ωp in the range of

10s of µm, and propagate with phase velocity approaching c.

1.2.4 Laser Wakefield Accelerators

LWFA is a scheme of plasma acceleration in which a large-amplitude plasma wave

is driven by the ponderomotive force of a high intensity laser. In 1979, the scheme was

proposed [25] although lasers with appropriate parameters were not available at the

time. The lasers available during the earliest LWFA experiments had pulse durations

much longer than the relativistic plasma wavelength. Large-amplitude plasma waves

could still be driven, however. For example, the plasma beat-wave accelerator scheme

[26, 27] used two laser frequencies to form a beat wave in the laser envelope with

spacing equal to the relativistic plasma wavelength. Acceleration was observed for

externally-injected electrons [28] using beat waves from a carbon dioxide laser. Later

LWFA schemes relied on the self-modulation by the wave itself [29–34], which is

discussed further in Sec. 2.2.3. These schemes relied on external injection or injection

by wavebreaking [35, 36], a process which causes chaotic disruption of electron phase

space.

As sub-100 fs lasers became available with higher energy, allowing self-injection

at lower density, LWFA moved from the self-modulated regime to the forced wake-

field regime [37] to the bubble regime which will be described in Sec. 2.2.4. In 2004,

three groups independently reported experimental observation of ∼ 100 MeV quasi-

monoenergetic beams [38–40], which were made possible by self-injection rather than

wavebreaking. Later, acceleration in a 3 cm capillary waveguide led to generation

of a 1 GeV quasimonoenergetic beam [41]. The recent advance of LWFA research is

7



documented in over 500 scientific journal publications and review papers [42–44].

While LWFA and other plasma-based accelerator schemes show a great deal of

promise for constructing compact economical electron beam sources at moderate en-

ergy, it remains to be seen if such accelerators can be scaled to the energy frontier

while retaining the cost and size benefits. Research is being conducted at many insti-

tutions around the world to assess the scalability, and the BELLA testbed facility at

Lawrence Berkeley National Laboratory was recently funded. Designs for multiple-

stage TeV -class laser wakefield accelerators have been presented [45]. However, new

discoveries are still being made in the field, and some fundamental questions about

these accelerators must be answered before a design of a large scale device can be

selected. Some of the challenges of scaling to the energy frontier are explored in this

thesis. Laser wakefield accelerators could contribute to high energy physics if they

can economically scale to the TeV energy range. At lower energies, the applications

of their electron beams are primarily for industry and medical treatment, though ion

beams are expected to offer benefits in the treatment of tumors [46].

One particularly important application of LWFA outside of high energy physics is

radiation generation. LWFA-driven electron beams can be injected into conventional

undulator systems which convert some of the electron beam energy into a pulse of col-

limated synchrotron radiation. Low mass electrons are the preferred beam species for

generating synchrotron radiation in these devices. The advantage of using a LWFA

beam as opposed to a conventional RF accelerator beam is that LWFA beams likely

have pulse durations as short as a few fs. Assuming the synchrotron radiation also ex-

hibits this ultra-short pulse duration, it could be used as a probe to temporally-resolve

the evolution of ultrafast phenomena such as material crystalization and chemical

synthesis. Synchrotron radiation from LWFA-driven sources has so far been limited

to the optical and VUV spectral range, which is limited by the smallest undulator

magnet spacing which can be assembled (several mm). It was realized, however, that
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undulating structures can be created which are composed of the plasma wakefield

itself and having features with µm scale, leading to undulator or wiggler radiation in

the x-ray range. The difference between undulator radiation and wiggler radiation

will be discussed in Sec. 2.3. In addition to making the applications described in

Sec. 1.2.2 available to a wider range of users and with potentially reduced scale and

cost, the laser-driven electron and x-ray sources investigated in this dissertation could

offer improvements in pulse duration, spectrum, and source size. The research pre-

sented here has explored several schemes for laser wakefield accelerators, elucidated

subtle processes taking place in these accelerators, and led to the discovery of a new

mechanism for self-injection into a LWFA.
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CHAPTER II

Theoretical Background

2.1 Plasma Oscillations and Waves

The plasma frequency gives the inverse of the response time for a specific species

within a plasma. This timescale gives the shortest observation period over which a

system can demonstrate behaviors characteristic of a plasma. In App. A, the fluid

equations are linearized in order to determine the response of a cold, unmagnetized

plasma to a density perturbation. This analysis reveals that a plasma will exhibit

oscillations at the plasma frequency, Eq. 2.1. It is also shown that for a simple

electron-ion plasma, the electron plasma frequency is larger than the frequency for

other species and therefore the term plasma frequency most often refers to the electron

plasma frequency alone.

ωp ≡ ωe =

√
4πe2ne
me

. (2.1)

Plasma electrons in the volume of a high intensity laser experience relativistic quiver

motion and increased effective mass. The plasma frequency is therefore altered to be

ωpg =

√
4πe2ne
γme

. (2.2)

By similarly considering the linearized wave equations in a plasma it can be shown
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that electromagnetic waves in a cold collisionless plasma experience an index of re-

fraction η =
√

1− ω2
p/ω

2 where the frequency ω and wave number k must obey

the plasma dispersion relation ω2 = k2c2 + ω2
p. The wave’s position on this curve

determines the phase velocity (ω/k = c/η) and group velocity (dω/dk). Differentia-

tion of the dispersion relation with respect to k yields vpvg = c2, indicating that the

electromagnetic wave can propagate in plasma with

vp > c > vg (2.3)

so long as ω > ωp.

2.2 Laser Wakefield Accelerators

2.2.1 Relevant Lasers

Advanced LWFA schemes required ultrashort, high intensity laser drivers only

made available by the development of Chirped Pulse Amplified (CPA) lasers (de-

scribed in Ch. III) in the late 1980s. CPA lasers can achieve intensities correspond-

ing to electric fields well in excess of atomic fields, making possible field ionization

by quantum tunneling and by barrier suppression ionization. An analytical frame-

work for calculating the ionization rate for complex atoms and ions was developed by

Ammosov, Delone, and Krainov [47]. If this rate is greater than the laser frequency,

significant tunneling ionization will occur. Ionization will be discussed in the Sec.

2.2.2 and in Ch. VII.

Laser electric fields are even strong enough to drive an electron to relativistic

quiver motion. When the momentum associated with the relativistic quiver motion

of such an electron is equal to mec, the normalized vector potential, a0 = eE
meω0c

is

equal to 1. A laser pulse with a0 � 1 can propagate in a plasma with density up

to the critical density nc, which is the density at which the plasma frequency is high
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enough to screen out the laser wave, while a laser with a0 > 1 can propagate even in

density > nc via relativistic induced transparency.

2.2.2 Laser Field Ionization

In this section, expressions are given in atomic units, whereby energies and po-

tentials are given in units of the Hartree energy, or twice the ionization energy of

hydrogen in its ground state, and electric fields are given relative to the electric field

present one Bohr radius from a positive charge of magnitude e. The field of a high

intensity laser can severely modify the Coulomb potential experienced by an electron

bound to an atom or ion. Absolute understanding of the system requires solution of

the time-dependent Schrödinger equation (TDSE) using appropriately chosen atomic

potential and laser field models. Field ionization can occur by multiphoton absorption

[48, 49] or by tunneling, with the dominant mechanism determined by the Keldysh

parameter [50]: γK =
√
Us/2Up where Us is the ionization potential of the bound

state and Up is the ponderomotive potential associated with the laser field. γK also

indicates the ratio of the laser frequency to the ionization rate. For γK � 1, which is

the case for the intensities explored in this thesis, tunneling ionization is the dominant

mechanism. A laser field above the barrier suppression ionization field EBSI = U2
s /4 is

strong enough to suppress the atomic binding potential to below an electron’s ground

state energy, allowing direct ionization without tunneling.

Simplified analytical models allow estimation of ionization rates without explicitly

solving the TDSE. For example, the model created by Ammosov, Delone, and Krainov

[47] (the ADK model) predicts the ionization rate due to tunneling for atomic species

in the presence of an alternating electric field. The ADK model is an extension of

the ionization probability rate proposed by Perelemov in 1966 [51] and has since

been extended to include electron ionization in molecular systems [52]. Ref. [47]

gives formulas for calculating the probability rate of ionization, Ω, for various atomic
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configurations. One example (as corrected in Ref. [53]) is

Ω =

(
3ẽ

π

)3/2

Z2
fn
−9/2
eff

(
16ẽU2

s

ZfE

)2neff−3/2

exp

[
−2(2Us)

3/2

3E

]
(2.4)

where ẽ is Euler’s number, Zf is the charge state of the ion after ionization, neff =

Zf/
√

2Us is the effective principal quantum number and this formula is valid for atoms

with orbital quantum number l = 1 and m = 0. The number of ions in charge state

S + 1 then is

NS+1 =

∫
x,y,z

∫
t

nS(x, y, z, t)Ω(E)dxdydzdt (2.5)

where nS is the density of particles in state S. The number of electrons at t = ∞

(assuming no recombination) is

Ne∞ =
Z∑
s=1

(SNS) (2.6)

.

The ADK model assumes the laser electric field strength EL � Eatomic. For the

intensities relevant to this thesis, however, EL � Eatomic near the peak of the pulse

in most cases. In these cases ionization can be modeled in a barrier suppression

picture in which a threshold intensity value is assumed, above which the probability

of ionizing a particular charge state is 1. Therefore the ADK model is only applicable

in this thesis to the exceptional cases of high charge states where Eatomic � EL. The

Barrier Suppression Ionization (BSI) model given in Ref. [54] estimates the intensity

thresholds for ionization of a state with ionization potential Us as Is = cU4
s /128πe6Z2

f .

Fig. 2.1 shows the required laser intensity and corresponding power for field

ionization of atomic and ionic species using the BSI model and the ADK model.

Power cited on the right vertical axis is the peak intensity multiplied by the area of

a 11.3 µm diameter round spot. The plotted intensities for the BSI data points are
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the appearance intensities from Ref. [54]; the ADK points give the intensity at which

Ω(I)× 30 fs = 1. Only one data point is calculated for argon using the ADK model.
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Figure 2.1:
Appearance intensity and corresponding power (for an 11.3 µm spot) for
field ionization of atomic and ionic species using the BSI model (filled
points) and the ADK model (open points). Only one data point is calcu-
lated for argon using the ADK model.

Field ionization is responsible for producing the plasmas relevant to this thesis

but ionization can also play a role in the dynamics of wakefield acceleration (Chs. V,

VII) and affect the laser propagation behavior. As a laser enters and field ionizes a

gas, the index of refraction varies spatially and temporally over the laser rise-time.
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This temporally varying index leads to an overall shift of frequencies at the front of

the laser pulse to higher frequency [55–57].

2.2.3 Laser Propagation in Underdense Plasma

High intensity laser pulses propagating in plasma are dramatically affected by

nonlinear optical phenomena. Light in any material experiences some degree of non-

linearity whereby the material exhibits an index of refraction dependent not only on

linear material properties but also on the local intensity. The index of refraction for

a material with inversion symmetry can be written as η = η0 + η2I where η2 is the

nonlinear index describing the strength of the nonlinearity. This is known as the

optical Kerr effect. Because laser pulses have non-uniform (e.g. Gaussian) temporal

and transverse profiles, nonlinearity causes uniform optical components to behave as

if they were non-uniform.

The optical Kerr effect due to the rise and fall of a laser pulse in the temporal

domain leads to self-phase modulation and self-steepening. Self-phase modulation

causes frequencies present in the laser spectrum to be shifted according to ∆ω ∼ ∂φ
∂t

where φ is the phase. This shift can lead to new frequency content and even overall

spectral broadening. Extra frequency content allows self-steepening. When self-phase

modulation is combined with dispersion in a plasma, the laser can be compressed to

a pulse duration even shorter than its original bandwidth-limited pulse duration.

The Kerr effect attributable to the transverse laser profile leads to self-focusing

because the index of refraction is greatest on axis. Phase fronts at the periphery will

advance faster than phase fronts on axis, resulting in inward curvature. Propagation

of light in a nonlinear medium can be described by the Helmholtz equation,

(∇2 + η2(I)k2
0)E = 0 (2.7)

15



where η(I) = η0 + ηNL(I) and E = E0(r, z) exp−iη0k0z, which assumes that E0(r, z)

varies slowly over the scale of the laser wavelength. Eq. 2.7 can be approximated [58]

to

∂2E0

∂r2
− 2iη0k0

∂E0

∂z
+ k2

0[η2(I)− η2
0]E = 0 (2.8)

For η2I � η0, the bracketed terms can simplify to [ηNL(I)][2η0]. For the case of

Kerr self-focusing, ηNL(I) = η2I which makes the bracketed terms
η2η2

0 |E0|2
Z0

where

I(r, z) = η0|E0|2
2Z0

and Z0 is the impedance of free space. Replacement into Eq. 2.8

gives the nonlinear Schrödinger equation (NLSE):

∂2E0

∂r2
− 2iη0k0

∂E0

∂z
+ η2

0k
2
0

η2

Z0

|E0|2E = 0 (2.9)

One possible solution of this equation is the spatial soliton, or guided pulse, E(r, z) =

E(0, 0)sech ( r
w0

) exp (−i z
4zR

) where zR = πw2
0/λ is the Rayleigh range. This propaga-

tion mode has constant transverse profile independent of z. This occurs only for the

boundary condition where the laser spot is equal to a particular “matched” spot size.

For unmatched cases, the spot size will oscillate as it propagates along z.

Lasers can also be affected by the plasma waves they generate. The wave’s density

deficit (or excess), δn is the net difference in density relative to the background density

δn = n(r, z) − np. For a pulse longer than many plasma wavelengths, the refractive

index becomes modulated in space by the wave causing the beam to breakup into a

pulse train. The ponderomotive force of the pulses causes stronger driving of the wave.

The steep ramps of δn in the longitudinal direction cause spectral phase modification

resulting in photon acceleration [59], typically resulting in a redshift of light at the

front of the wave (where density is decreasing with ζ) and blueshift of light at the

rear if the pulse completely fills the bubble. Additionally, δn has radial dependence

which can cause focusing or defocusing.

The index of refraction of a laser in a very underdense plasma will include some
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or all of the terms listed in Eqn. 2.10

η(r, ζ) ∼= 1−
ω2
pg

2ω2
0

(
1 +

δn

np

)
(2.10)

which is valid so long as
ω2

pg

ω2
0
� 1 and a0 � 1 where ω2

pg = npe2

γmeε0
and γ is the

relativistic factor associated with electron quiver velocity within the laser field. Radial

dependence comes from γ (the cause of “relativistic self-focusing”) and δn, which has

contributions from “ponderomotive self-chanelling”, displacement by the plasma wave

and the amount of electrons introduced by ionization.

The propagation of a laser mode in such a plasma can be determined by replacing

η(I) in Eq. 2.7 with the terms above, applying the slowly varying envelope approx-

imation, and solving the resulting NLSE. Ionization, for example, adds the term

−η0k
2
0
ne

ncrit
E to the LHS of Eq. 2.9 and ∂ne

∂t
= natomic × Ω(I) where Ω is the ioniza-

tion probability rate. This defocusing term can also cause the laser spot to oscillate

with propagation as self-focusing leads to increased ionization on axis, which leads to

defocusing, which leads to decreased ionization and so on. Ionization defocusing was

investigated in Ref. [60]. Ref. [61] analyzes guiding behavior under the influence of

ionization and many other conditions.

Because there will always be some portion of the leading edge of the pulse which

does not experience self-focusing, short pulses which are self-guided may lose a signif-

icant portion of their energy rapidly. Additionally, ultrashort pulses are expected to

have diminished efficacy of self-focusing [62]. In spite of this expectation, self-focusing

has been observed for pulses with τωp ∼ 1 [63–66]. Multiple-filament self-focusing

due to the relativistic and ponderomotive terms has been analyzed in Ref. [67].
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2.2.4 Laser-driven Plasma Waves

2.2.4.1 The Ponderomotive Force

Laser-driven plasma waves are waves driven by the ponderomotive force of an

intense laser. A particle with charge q within electric and magnetic fields E and B

will experience the Lorentz force given by

F =
d

dt
p = q(E + v ×B) (2.11)

For the case of a charge in the electromagnetic field associated with a laser, the motion

of the charge is often simplified to that of a harmonic oscillator driven only by the

electric field. However, for strong, steeply varying laser fields the effects of the field

non-uniformity and the v×B term cannot be ignored. The motion can be separated

into oscillations on the timescale of the laser field and a drift over longer timescales.

The apparent force responsible for this drift is called the ponderomotive force. This

force causes both longitudinal and transverse motion. Written in units convenient for

this thesis, the linear ponderomotive force on an electron is [44]

Fp = −mec
2∇(a2/2) (2.12)

where a = eA/mec
2 is the normalized vector potential of the laser field, which has

peak a2
0 = 7.3x10−19[λ(µm)]2[I0(W/cm2)] and where the linear regime is the case such

that a2 � 1.

The 3D relativistic ponderomotive force for a charge within a laser pulse with

pulse duration τ � T = 2π/ω0 can be derived as follows: The Lorentz force, Eq.

2.11 can be rewritten in terms of the magnetic vector potential A and electric scalar
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potential φ which are defined as

B = ∇×A (2.13)

E = −∇φ− ∂A

∂t
(2.14)

giving

d

dt
p = q

(
−∂A

∂t
−∇φ+ v ×∇×A

)
(2.15)

The partial derivative in the first term on the right hand side can be related to the

total, or convective derivative

dA

dt
=
∂A

∂t
+
dr

dt
· ∂A

∂r
(2.16)

which gives the total rate of change of A as the particle moves within a region where

A is non-uniform. Eq. 2.15 can now be written

d

dt
p + qA = q (v · ∇A−∇φ+ v ×∇×A) (2.17)

This equation can be simplified using the vector identity v·∇A+v×∇×A = (∇A)·v

to give

d

dt
p + qA = q(∇A) · v − q∇φ (2.18)

Replacing v with p/mγ and introducing the canonical momentum p0 = p+ qA gives

d

dt
p0 =

q

γ
(∇A) · (p0 − qA)− q∇φ

=
−q2

2mγ
(∇A2) +

q

mγ
∇A · (p0)− q∇φ (2.19)

φ represents the electrostatic potential due to all charges. Thus for the simple case

of a single charge in vacuum the last term will be ignored. The long timescale (for
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observation time � T ) drift motion can be isolated by taking the time average of

both sides of Eq. 2.19 over one wave period T = 2π/ω0 . This gives

〈
d

dt
p0

〉
=

〈
−q2

2mγ
(∇A2)

〉
+

〈
q

mγ
(∇A) · p0

〉
(2.20)

where angle brackets indicate time averaging:

〈�〉 =
1

T

t+T∫
t

dt′� (2.21)

The last term in Eq. 2.20 must be integrated by parts, yielding two terms each

proportional to 〈A〉. For the case as we are considering the case τ � T , the envelope

of the field can be assumed to remain nearly constant over one wave period. If we

further assume that the spatial extent of the field w � 1/k where k is the wavenumber,

the value 〈A〉 ≈ 0. This leaves

〈
d

dt
p0

〉
≡ Fp(r, t) = −

〈
q2

2mγ
∇A2

〉
∝
〈
∇ E

2

γω2
0

〉
(2.22)

This equation states that charges will move away from regions of high field pressure

with force dependent on the laser frequency and the particle’s mass and charge but

not on the sign of the charge.

2.2.4.2 Linear Plasma Waves

The linear ponderomotive force given by 2.12 can be inserted into the linearized

fluid equations as a driving term. The solution to the resulting partial differential

equation describes a linear wakefield.

n1 = n0(c2/ωp)

t∫
0

dt′ sin[ωp(t− t′)]∇2a2(r, t′)/2 (2.23)
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A cold nonrelativistic sinusoidal plasma wave can have peak electric field up to

Ewb = cmeωp/e. For a linear wave driven by a near infrared laser in a plasma of

1/100th critical density, this value is 400 GV/m. A linear plasma wave was visualized

using optical probing with interferometric [68] and Frequency Domain Holography

(FDH) [69] techniques.

2.2.4.3 Nonlinear Plasma Waves

When the driver is capable of driving a wave such that δn � n is no longer

valid, the linear perturbation treatment of the fluid equations is also no longer valid.

Instead of a sinusoidal variation, the density perturbations become sharply peaked.

The electrostatic field which can be present in such a plasma can greatly exceed the

value Ewb by a factor of a2
0/(1 + a2

0)1/2 for a plane wave driver with FWHM pulse

length cτ = λp/2.

In the highly nonlinear “bubble regime”, electrons are fully expelled by the laser

[70], leaving an approximately spherical “bubble” [71]. The electric field present

within this bubble varies approximately linearly in all three spatial dimensions of

the reference frame traveling with the laser [72, 73]. In other words, electrons see the

bubble as a parabolic potential well. This shape is well suited for electron acceleration

because it provides both a longitudinal accelerating and a radial focusing field. Ref.

[71] suggests this can be achieved most efficiently with a few-cycle pulse, which is

being investigated at the Max Planck Institute [74, 75]. The FDH technique was

extended for application to wakefields in the bubble regime in an experiment carried

out in part by this author in Refs. [76, 77].

Driving a plasma wave in the bubble regime requires expulsion of electrons to a

blowout radius rblow > rb, where rb is the bubble radius, as well as a strong enough

bubble electrostatic field to pull the electrons back to the laser axis at the back of
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the bubble. Additionally the pulse duration obeying

cτ < λp. (2.24)

The blowout radius is determined by the laser spotsize. Balance of the bubble elec-

trostatic field with the ponderomotive force leads to the matched spot condition

indicative of operation within the bubble regime [78]:

kprb ≈ 2
√
a0. (2.25)

The shape of the bubble is determined by the trajectories of the expelled electrons as

they return to the bubble, forming a thin sheath. The bubble was computationally

found to be spherical for the case rb = 4c/ωp, which combined with the matched spot

condition requires a laser power of 8Pcrit. Further evaluation and scaling laws for the

bubble regime are discussed in Refs. [79–81].

2.2.4.4 Raman Scattering

An electromagnetic wave with frequency ω0 and wave number k0 propagating in

a plasma can undergo a number of parametric instabilities whereby the wave excites

new electrostatic or electromagnetic waves. One example of this is Raman scattering,

in which the new waves are a plasma wave with frequency ωp and wave number kp

and a scattered electromagnetic wave with properties ωs and wave number ks. The

two waves must obey the phase matching conditions:

ω0 = ωpw + ωs,k0 = kpw + ks (2.26)

which can lead to scattered light with frequency ω0 ± ωp. Scattered light with fre-

quency ω0−ωp is known as the Stokes line and light with frequency ω0 +ωp is known
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as the anti-Stokes line. For the case of a large amplitude electromagnetic wave cou-

pling with a low amplitude density perturbation with frequency ω and wave number

k, “stimulated” Raman scattering can generate a scattered light wave and a plasma

wave seeded by the density perturbation. This occurs for light pulses with pulse

length greater than the plasma wavelength, as the plasma wave modulates the pulse

envelope. The plasma wave must obey the dispersion relation [82, 83]:

ω2 − ω2
pw =

ω2
pk

2c2a2
0

2

(
1

D+

+
1

D−

)
(2.27)

where D± ≡ ω2
± − k2

±c
2 − ω2

pw = ω2 − k2c2 ± 2(ωω0 − c2k · k0) and ω+, k+ correspond

to the anti-Stokes case (where motion is driven at the sideband ω + ω0) and ω−, k−

correspond to the Stokes case. The cases of Raman back-scatter (where the k-vector

of the scattered light is oppositely directed from that of the initial light) and Raman

side-scatter (where the k-vector of the scattered light is perpendicular to that of the

initial light) can exhibit resonance in Eq. 2.27 only for the Stokes case, which leads

to resonant coupling of the initial electromagnetic wave into the scattered wave and

plasma wave. Stimulated Raman back-scatter can be an important loss mechanism in

some laser-plasma interaction and also plays an important role in wakefield accelera-

tion in the self-modulated regime discussed in Secs. 1.2.4 & 2.2.3. Raman side-scatter

is used as a diagnostic of the plasma and of the laser pulse as discussed in Sec. 4.3.1.

2.2.5 Injection into the Wakefield

One of the obstacles for producing high energy electron beams using a single stage

LWFA is the necessity for extending the acceleration length, which is accomplished

by lowering the plasma density. Counter to that attempt, it has been found that for

a given plasma density, there is a minimum laser power for which self-injection will

occur, or alternatively for a given power there is a density threshold.
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Injection by wavebreaking was observed in 1995 [36] and evaluated analytically

and computationally in 1998 [84]. However, the details of the self-injection mechanism

for electrons interacting with a short-pulse laser and preformed bubble structure are

still debated. Analytical formulations of self-injection have to date only modeled cases

with a non-evolving driver. Self-injection is not deeply understood, even through com-

putational modeling. Refs. [81, 85] specifically investigated injection conditions using

Particle-in-Cell (PIC) codes and Ref. [86] developed an analytical model, though they

each came to slightly different conclusions. Ref. [81] and [86] suggest density (or bub-

ble size) thresholds for injection and [85] suggests that the evolution of the bubble

size, rather than the size itself, is most important. Many experiments in the bubble

regime have indicated a density threshold for injection [87]. What is certain is that

the majority of electrons are perturbed by the ponderomotive force, pass the bub-

ble without becoming trapped, and continue plasma oscillations without extracting

significant energy from the wave. However, some subset of electrons can have appro-

priate initial conditions to end up in a trapped trajectory. These are the electrons

which gain longitudinal momentum quickly enough to become trapped within one

crossing at the rear sheath of the bubble. They must reach nearly the wake phase

velocity.

A single electron analytical model may be more instructive for understanding

the injection process than PIC modeling even though it includes less physics. The

Hamiltonian for an electron experiencing the potential of a wake Ψ = Φ − vg

c
Az is

H = γmec
2 − vgγmevz − eΨ along that electron’s trajectory where Φ and A are the

scalar and vector potentials of the wake and the value of H is determined by the

electron’s initial conditions. A subset of the electron population- those with H less

than a threshold (separatrix) value- can become trapped. An approximate trapping

requirement is that vz(r = 0) = vg. As density is increased, vg decreases, easing the

trapping condition. This results in higher trapped charge and trapping of electrons
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with a wider range of trapping positions and momenta.

Refs. [85, 86] analytically investigate single electron trajectories in the vicinity of

a two-dimensional circular bubble with radius R and nearly linear internal potentials

and surrounded by a “sheath” region with thickness � R and opposing potential.

In a frame comoving with the bubble structure at a speed vg relative to the lab

frame, the coordinate ζ = z − vgt is introduced and y is the coordinate transverse to

propagation. The bubble is centered at ζ, y = 0. For a quiescent electron initially

located at ζ > R, y0 ∼ r for which the laser field is ignored, Ref. [86] reports a

range of initial transverse position which will result in trapping: ycrit . y0 . R

where ycrit is a threshold value. This acceptance shell exists and trapping occurs so

long as Rωp/c &
√

2γp. where γp is the relativistic factor associated with bubble

propagation, γp ' ω0/ωp
√

3. Ref. [85] used a similar model but allowed the bubble

size to change in time. In that model, trapping does not occur regardless of initial

position unless the bubble expands, resulting in a time-dependent Hamiltonian. The

trapping condition for this model is that ∆H < −mec
2. Ref. [88] similarly models a

bubble and sheath, and finds that for a fixed bubble size, trapping trajectories exist

so long as Rωp/c & 2
√

ln 2γ2
p − 1.

Methods have been found to aid injection by altering the dynamics including cre-

ation of a steep standing wave using a second “colliding” pulse [89–93], manipulating

the density profile [94], and allowing ionization in the proximity of the main pulse

(Ch. VII).

A related topic of discussion is beam loading of the plasma structure by trapped

charge. As trapped charge in the bubble accumulates, the electric field at the rear of

the bubble is diminished, limiting injection to a brief instant and preventing wave-

breaking. Beam loading limits the trapped charge but also allows the trapped bunch

to be accelerated en masse, producing a monoenergetic beam. These issues are dis-

cussed in Refs. [95, 96].
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2.2.6 Acceleration

The peak electron energy from LWFAs scales as the inverse of the plasma density;

however since the accelerating electric fields within the plasma also decrease with

decreasing density (E ∝ n
1/2
e ). This means that the acceleration distances required to

achieve energies of several GeV need to be many centimeters. In fact the acceleration

distance increases like n
−3/2
e , which is due to dephasing considerations. This dephasing

length is the distance over which fast electrons outrun the accelerating part of the

relativistic plasma wave generated in these interactions.

The acceleration distance in experiments can also be limited due to laser pump

depletion as energy is lost in the generation of the large amplitude wakefields in the

plasma. As described in Ref. [97], the leading edge of a laser pulse loses energy

by driving a nonlinear wake. The front of the pulse erodes away with a velocity

vetch = −cω
2
p

ω2
0

relative to the group velocity of the laser. This means the laser will be

completely depleted after traveling a distance Ldepl = vg
cτω2

0

ω2
p
∝ 1

ne
.

For efficiently generating a spherical plasma bubble, the spot size of the laser

pulse should be about the relativistic plasma wavelength which scales inversely as the

square root of the plasma density. This means that as the plasma density decreases

the natural laser diffraction distance (Rayleigh range) increases much more slowly

than the dephasing and depletion distances, implying that extending the interaction

distance beyond a Rayleigh range is critical for the generation of multi-GeV electron

beams. Consequently there have been many previous experiments to demonstrate

techniques to guide high intensity lasers in a plasma over distances longer than the

diffraction distance, which will be discussed further in Chs. V & VI.

The scalings of these lengths are shown in Fig. 2.2(left). Constrained to the

bubble regime requirements, both the dephasing length and depletion length scale

as n
−3/2
e and the energy gain scales as n−1

e . This means the energy gain scales less

than linearly with accelerator length whereas an RF accelerator has gain that scales
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linearly with length. Based on the currently achievable accelerating fields for these two

technologies, single stage LWFAs in the bubble regime should be more compact than

RF accelerators for accelerator length up to 10, 000 km (E = 1000 TeV ). However, a

single-stage LWFA has practical limitations which diminish this advantage such as the

scale and number of non-compact lasers that would be necessary. In Fig. 2.2(right)

are shown the scalings of the focal length of the focusing optic (assuming a 10 cm

beam diameter), and the laser pulse energy. The parameters for these scalings are

chosen such that the bubble criteria Eqs. 2.24 and 2.25 are satisfied. The final curve

(right, red) is plotted with the additional constraint that laser power P = 10× Pcrit,

which, we will see in Sec. 6.3.2, is a rough requirement for self-guiding of ultrashort

pulses.
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Figure 2.2:
Scaling of relevant acceleration-limiting lengths and required parameters
for operation in the bubble regime.

Refs. [41, 98] have demonstrated acceleration with energy gain in accordance with

the maximum achievable values predicted by scalings in the bubble regime. Ref. [99]

experimentally investigated the acceleration process by adjusting acceleration length

in-situ.

In practice, a high energy LWFA design is likely to incorporate an injector stage

operating in the bubble regime followed by many stages operating in the linear wake-

field regime. This design would produce high charge monoenergetic beams in the

first stage and the majority of energy gain would be achieved in the more controllable
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linear stages.

2.3 Radiation Generation

Electron accelerators have been used extensively for generation of radiation using

bending magnets or magnetic insertion devices. As an example magnetic insertion

device consider the APPLE-II undulators [2] at the SOLEIL light source which have

N = 21 permanent magnetic periods of length λu = 80 mm and field strength 0.8 T .

Undulators of the same design are used at the Helmholtz Centre Berlin for Materials

and Energy. A diagram is shown in Fig. 2.3 [100]. This is an advanced undulator

design allowing control of the magnetic field in two transverse dimensions allowing

for controllable polarization.

Figure 2.3:
The APPLE II undulator. Arrangement of the rows of magnets for differ-
ent polarizations (period length of the UE46: 46 mm) Helmholtz Centre
Berlin for Materials and Energy
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An electron entering such a device with velocity v will see the device as Lorentz

contracted with contraction factor γ = 1/
√

(1− v2/c2) and will oscillate in the mag-

netic field, generating electromagnetic dipole radiation with characteristic wavelength

λu/γ and higher harmonics in its own frame of reference. In the laboratory frame,

a detector in front of the radiating electron will see the radiation as Doppler shifted

to higher frequency with maximum shift detected exactly in the forward direction

of the electron. As the electron oscillates transversely to its propagation direction,

the relativistic factor in the direction of propagation is effectively diminished, result-

ing in an additional correction to the detected radiation wavelength which depends

on the strength parameter K which indicates the maximum transverse velocity and

maximum off-axis angle of the electron along its oscillatory trajectory. The detected

fundamental wavelength is

λ ≈ λu
2γ2

(
1 +

K2

2
+ γ2θ2

)
(2.28)

where K = eB0λu

2πmec
for a magnetic insertion device with field B⊥ = B0 cos 2πz/λu and

θ is the small angle between observation and the electron’s undeflected propagation

direction. For K � 1, the radiation source is said to be in the wiggler regime, in

which case the harmonics form a quasi-continuous “synchrotron” spectrum. However,

for the case K � 1, the radiation source is said to be in the undulator regime, in

which case the harmonics remain discrete. For the APPLE II undulator, K = 6 and

λ0 = 26 nm (47eV ) with a spectrum up to ∼ 2 keV .

A derivation of this formula can be found in Ref. [101], which further derives the

radiated power within a cone of half-angle θ =
√

1 +K2/2/γ
√
N from an electron

beam current Ie to be

Pcone ≈
πeγ2Ie
ε0λu

K2

(1 +K2/2)2
(2.29)

which is valid for K ≤ 1.
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LWFA beams have been injected into an insertion device [102, 103], generating

infrared and soft x-ray radiation, effectively replacing a small Linac in a conventional

synchrotron facility. However, synchrotron radiation can be generated by the mo-

tion of a LWFA beam in the accelerator structure itself. The strong radial fields in

plasma waves, particularly in the bubble regime, can cause strong betatron motion of

trapped particles. Betatron radiation in a wakefield bubble is more complicated than

in a conventional undulator because the electrons are continuing to gain longitudinal

momentum while they are emitting betatron radiation. Additionally, the electrons

may catch up to the laser and experience betatron motion induced by the laser itself.

Betatron motion has been studied theoretically in an ion channel or bubble [104–110],

has been inferred experimentally [111–113], and the betatron radiation itself has been

measured experimentally [114–117]. This radiation source is exciting because the rel-

evant spatial scale is the betatron length λbetatron ≈ λp
√

2γ rather than the spacing

of a physical undulator magnet which is limited by manufacturing capabilities to sev-

eral millimeters. γ in these equations is the relativistic Lorentz factor of wakefield

accelerated electrons. The wavelength of betatron radiation in the lab frame is

λLWFAβ ≈
√

2πc

γ3/2ωp
(2.30)

and the strength parameter Kβ =
√

2γπr0/λp where r0 is the spatial amplitude of

the betatron motion. The spectrum in this case is expected to be synchrotron-like,

including photon energies between the fundamental up to the critical energy:

~
2πc

λLWFAβ

≤ ELWFAβ ≤ Ec =
6π2~γ3cr0

λ2
β

(2.31)

The electron energy required for λLWFAβ = 26 nm (same fundamental wavelength as

the APPLE II undulator example above) operated at ne = 5× 1018 cm−3 is 27 MeV ,

which is easily achieved in a LWFA and compares with the 2.75 GeV beam used at
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Soleil. A LWFA betatron wiggler with K = 6 operated at ne = 5 × 1018 cm−3 and

electron beam energy 270 MeV would have critical energy Ec = 6.2 keV .
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CHAPTER III

Methods

3.1 Experimental Facilities, Setup, and Procedures

All experiments discussed in this dissertation were conducted using the gas tar-

get facilities of the High Field Science research group at the University of Michigan

Center for Ultrafast Optical Science [118]. This research group has exclusive use of

the HERCULES laser, various pulsed and continuous wave lasers, a wide range of

optics, stages, and manipulators, a stainless steel vacuum experiment chamber with

all necessary roughing and turbomolecular pumps, and radiation shielding walls.

3.1.1 Laser Design and Delivery

The HERCULES laser system [119–121] began construction in 2002. The laser was

upgraded to its current operating conditions during the fall of 2007 with the addition

of the 100 TW stage amplifier and new compressor chamber. HERCULES is a CPA

laser [122] which uses titanium doped sapphire (Ti:S) as the laser medium. CPA is

the leading technology for generating sub-picosecond, high peak power laser pulses.

The large gain bandwidth of Ti:S is employed. Large bandwidth is a requirement for

short pulse generation (the product of Full Width at Half Maximum (FWHM) pulse

duration and FWHM pulse bandwidth, or time-bandwidth product, has a minimum

achievable value, 0.44 for a pulse with Gaussian temporal shape) but also allows the
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pulse to be stretched greatly in time (“chirped”) with the intentional introduction of

dispersive optical elements, allowing for more energy to be added during amplification

without exceeding the power for catastrophic self-focusing.

The HERCULES Ti:S pulse begins from a commercial Kerr-Lens Modelocking

(KLM) laser (Femtolasers, GmbH) which is pumped by a Spectra-Physics Millenia

neodymium doped yttrium aluminum garnet (Nd:YAG) laser. The KLM oscillator

generates 12 fs pulses with 0.5 nJ pulse energy and 75 MHz repetition rate. Individ-

ual pulses are selected at 10 Hz. The pulses are then amplified 100-fold in a two-pass

amplifier. The Amplified Spontaneous Emission (ASE) introduced by this amplifica-

tion can be removed from the pulse using the Cross-Polarized Wave (XPW) technique

[123], which is a 3rd-order nonlinear process. The XPW consists of two BaF2 crystals

and a Glan polarizer. Nonlinear processes in the crystals lead to polarization rotation

and induced polarization ellipticity, and the Glan polarizer selects only the compo-

nent which is cross-polarized to the original polarization. The process theoretically

cleans the laser pulse according to the third power of the temporal shape. However,

the actual cleaning capability is limited by the extinction ratio of the polarizer, and

the transmission is of order 10%. Use of the XPW setup is optional, and it was not

used for data in this thesis except when noted. The pulse is stretched to ∼ 500 ps

by adding chirp, or wavelength dependent delay, with 4 diffraction grating reflections

using two gratings and a rooftop mirror [124]. The pulse then enters a regenerative

amplifier loop where it circulates many tens of times, achieving gain with each pass.

The pulse is ejected from the cavity using a Pockels cell then sent to a 4-pass amplifier

(10 TW ), then 2-pass amplifier (30 TW ), and the final 2-pass amplifier (300 TW ).

These last two amplifiers share a Neodymium:Glass pump laser which is split into

6 total pump beams which are each individually amplified and frequency-doubled.

Each stage of the laser is protected with one or more of the following: spatial filter,

Faraday isolator, and/or Pockels’ cell. After the final amplification stage, the beam
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Central wavelength 800 nm
Bandwidth 45 nm
Repetition rate 0.1 Hz
Minimum pulse duration 30 fs
Total pump energy (green) 50 J
Total IR energy (post-compressor) 9 J
Maximum IR power 300 TW
ASE contrast without XPW 10−8

ASE contrast with XPW 10−11

Picosecond-scale contrast 10−6

Table 3.1: HERCULES laser specifications

is expanded from 5 cm to 15 cm before entering the compressor. The compressor

consists of four reflective holographic gratings sized between 20 and 40 cm and a final

reflective telescope bringing the beam down to 10 cm. The entire system is designed

to compensate for the accumulated phase up to fifth order.

A schematic of HERCULES is shown in Fig. 3.1. The laser capabilities are

summarized in Table 3.1

The laser is delivered to one of two experimental chambers- the one discussed in

this dissertation, which is optimal for conducting high f/# experiments (Gas Target

Chamber), or a more compact chamber used for ultrahigh intensity, enhanced contrast

experiments (Solid Target Chamber). The laser is polarized in the horizontal plane,

but can be flipped to the vertical plane using an in-situ-insertable λ/2 waveplate. A

mirror on a 150 mm motorized stage allows switching between the chambers while

under vacuum. Additionally, a portion of the uncompressed pulse from the 30 TW

stage can be directed to a second compressor which can deliver a second high power

short pulse to the gas target chamber if desired. The beam is transported primarily

using 7′′ dielectric-coated mirrors. For some experiments discussed, a deformable mir-

ror was used (Xinetics). This special mirror consists of 177 piezoelectrically actuated

regions behind a thin flexible mirror. The regions can be individually moved along

the laser propagation axis using piezoelectric actuators. This is used to correct for the
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Figure 3.1:
Schematic of the 300 TW HERCULES laser including FemtoLaser oscil-
lator, regenerative amplifier, and three multipass amplifiers.
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differing amount of phase accumulation at different regions of the beam profile and

allows for a high-quality nearly diffraction-limited focal spot. An algorithm is used

to optimize the flatness of the wavefronts as they are incident on the final focusing

optic, allowing for a nearly ideal focal spot. The focusing optic for most experiments

discussed was a 4′′ diameter f = 1 m, 5.5◦ off-axis paraboloidal mirror.

3.1.2 Laser Diagnostics

On each shot, images of the pump beam or amplified beam spatial profile (near-

field) can be captured after the 30 TW and 300 TW stages. The fluence of these

images can be integrated for use as a relative measurement of the single-shot energies.

Before each experimental series, an absolute energy measurement is made by placing

a large area calorimeter in the near-field of the beam after the final telescope before

the compressor. A large area diode measures the transmitted light through the last

mirror before this position as a redundant energy diagnostic. The transmission of all

optics between the measurement position and the final focused beam was measured.

Additionally, the near-field beam profile of the amplified beam has been studied by

placing burn paper in the beam near the experimental chamber entrance.

A third-order autocorrelator was used to diagnose and optimize the laser upon

installation of the new compressor. This measurement requires substantial setup as

well as removal of a window on the compressor. For simplicity the laser spectrum,

rather than the autocorrelation, is checked daily to look for any bandwidth losses

or spatial variation across the beam. In the event of replacement or upgrade of any

optics in HERCULES, the pulse duration is checked using a single-shot second-order

autocorrelator. The autocorrelator allows an objective determination of optimum

grating separation in the compressor. A grating separation scan is demonstrated in

Fig. 3.2, where red squares plot the measured pulse duration in air (open squares)

and vacuum (closed), taking into account the dispersion introduced by a 7 mm BK7
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lens. A single shot autocorrelation trace is shown inset. Additionally, the autocor-

relator has been used to evaluate the sub-ps pulse risetime and search for possible

prepulses. The autocorrelator was setup to take pulse duration measurements after

transmission through the entire experimental setup at full power. This is a very dif-

ficult measurement to take since the fluence on the crystal must be kept below the

damage threshold at full power without the use of material filters while the autocor-

relator alignment must be performed with 4 orders of magnitude less power. The

best method which could practically be achieved still required propagation through

6 mm of fused silica and 11 mm of glass. The measured pulse durations in vacuum

at alignment level and at 71 TW are shown in Fig. 3.3. The measured durations

are 66 and 63 fs, respectively before taking into account stretching by the glass. An

unchirped 30 fs pulse propagating through 11 mm of BK7 glass would stretch to

60 fs. Although this glass obfuscates the measurement, the similarity between the

two curves suggests gain narrowing in the amplifiers is insubstantial.
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Figure 3.2:
Grating scan conducted with the 2nd-order autocorrelator at alignment
laser power. Also shown (blue line) are experimental data demonstrating
optimization of grating postion using the measured gamma signal gen-
erated from high energy electrons. A single trace is shown inset with
temporal x-axis and spatial y-axis.
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Figure 3.3:
2nd-order autocorrelator traces at regenerative amplifier level and at
71 TW . Stretching introduced by 15 mm of glass is not taken into
account. The difference on the left-side wing of the curves is due to
background from a single arm of the autocorrelator.

The focal spot of the laser in f/10 focusing geometry is shown in Fig. 3.4. This

image was taken using a 10x microscope objective and a 10-bit CCD, which cannot be

used in vacuum. The focal spot has diameter 11.9×11.9 ± 0.5 µm FWHM with 23%

of the energy contained within the FWHM. The beam waist w0, or radius at which

intensity has dropped off by a factor of 1/e2, is 11.4 µm. The “M-squared (M2)” value

is a measure of the ability to focus a given laser beam. M2 is defined as the ratio

of the beam parameter product (BPP) of a focusing system to the ideal BPP where

BPP is the product of the beam waist and the half angle of the beam divergence. The

ideal BPP for a Gaussian beam profile is λ0/π. All real laser setups have M2 > 1.

For this focusing setup M2 = 2.24. In f/20 focusing geometry, w0 = 24× 24 ± 1 µm

and M2 = 2.4. A vacuum-compatible 8-bit CCD is used instead to compare the

spot under vacuum. An 8-bit image is observed daily to ensure the focal spot is not

perturbed and that the full power is reaching the target.
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Figure 3.4:
Focal spot on linear (left) and logarithmic scales (right) taken with 10-bit
CCD

3.1.3 Interaction Diagnostics

The diagnostics fielded on nearly all these gas target experiments include a trans-

verse optical probe line with delay stage for illuminating the interaction, scattered

light imaging systems for collecting light emanating from the interaction in the trans-

verse directions, organic or inorganic scintillators + photomultiplier tubes for detect-

ing radiation indicative of the laser/plasma interaction, and Fujifilm Image Plate (IP)

and Kodak LANEX phosphorescent screens (terbium activated gadolinium oxysul-

fide) for detection of electrons. The sensitivities of these two detector types have

been documented in Refs. [125] and [126], respectively.

The transverse probe originates from a ∼ 1 % reflection of the main pulse using a

2 µm thick 6” diameter pellicle (stretched nitrocellulose, National Photocolor, Inc.).

The probe optical path includes several 2” diameter silver coated mirrors, including

two on a delay stage which is motorized with temporal range of 333 ps with 30 fs

repeatability and manually controllable with 1 ns range and 1 ps repeatability. The

limiting aperture is one of these 2” mirrors at 45◦ incidence, with the remainder of
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the beam being dumped. The probe has pulse duration 30 fs- shorter than typical

time scales for plasma ion hydrodynamic evolution. The probe was made transverse

to the main pulse axis with 250 µrad precision using a right angle prism. The probe

arrives at the main pulse axis as a plane wave, meaning that the delay between main

pulse transit and probe time is a function of position along the main pulse axis.

The vertical plane located at the main pulse axis with normal in the probe axis is

imaged using a two lens system with magnification chosen depending on the length

of interaction under investigation. The system is sketched in Fig. 3.5. The light is

sent into a two arm shearing interferometer. Because the probe beam is much larger

than the interaction region, the beam can be split with a beamsplitter and a region

of the beam which traversed the plasma can be overlapped with a region which did

not. When the pulses of the two arms are overlapped temporally and spatially on a

CCD, interference fringes are generated. Light that traverses the plasma accumulates

a phase shift relative to light that did not traverse the plasma of

∆φ(y, z) =
2π

λ

xp∫
−xp

[1− η(x, y, z)]dx (3.1)

where the full extent of the plasma is bound within −xp < x < xp. This causes dis-

placement of the interference fringes on the detector plane (Fig. 3.6. This projection

of phase can be used to determine the plasma density in three dimensions, with the

assumption that the plasma is cylindrically symmetrical, through the Abel inversion

function,

∆φ(r, z) = − 1

π

∞∫
r=0

∆φ(y, z)

dy

dy√
y2 − r2

(3.2)

where r2 = x2 + y2. Abel inversion and the calculation of electron densities were

conducted using a program written by Nicholas Matlis using Labview software [127].

Alternatively, the reference arm of the interferometer can be blocked, providing
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Sketch of the imaging system used for interferometry or shadowgraphy.
The collection lens is 2′′ in diameter with focal length f1 = 20, 30, or
50 cm. The imaging lens is separated from the collection lens by s ∼
120 − 150 cm and has ≥ 3′′ diameter and f2 = 30 or 50 cm. Scales are
exagerated in this sketch. The probe beam illuminates a semi-elliptical
region wider than 2 cm (much larger than the plasma region shown in
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Figure 3.6:
Raw interferogram (left), electron density profile inferred by Abel inver-
sion (middle), and shadowgram with a 90 span-per-inch metal mesh in
the plane x = 0 (right).
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a clear shadowgram of the interaction. An example shadowgram is shown in 3.6,

exhibiting a resolution finer than 20 µm. The term shadowgram in this thesis is used

liberally. A pure shadowgram is a recording of the near-field of the direct shadow of

an object with refractive index inhomogeneities. Using the same coordinate system

as the previous section, probe rays propagating in the x̂ direction are deflected by

gradients of the refractive index according to [128]:

∂2 ⊥
∂x2

=
1

η

∂η

∂ ⊥
(3.3)

where ⊥ represents a coordinate transverse to the probe propagation direction. In

the experiments in this thesis, the object being probed is a conical plasma aligned

along the z axis, corresponding to the volume over which the laser intensity is high

enough to fully ionize the gas. An idealized plasma is sharp-walled and has constant

density within the cone. In reality, ionization is not a threshold phenomenon so the

walls have finite ramp width, resulting in very weak refractive index gradients in the

z axis and stronger gradients in the x and y axes. This leads to probe ray deflection

primarily in the y direction. Rays propagating through the plasma are deflected by

an angle

δθy =
1

η

∫
∂η

∂y
dx (3.4)

where the integral is taken over the width of the plasma volume. The deflection is

toward the region of higher refractive index. For a conical, constant density plasma,

gradients at the edge of the plasma cause probe rays to deflect away from the plasma.

This effect is observed in Fig. 3.5a, which is the shadowgram of a simple, high

density plasma produced with laser intensity ∼ 1016 Wcm−2. Probe light is displaced

in the shadow of the plasma and a faint halo is observed outside the plasma. The

imaging system used typically is chosen to have spatial magnification Ms > 1. The

object plane is set to the laser axis by shadowgraphy of a simple plasma generated
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in air using HERCULES operating at alignment power. This procedure is crucial,

as improper focusing leads to observation of a diffraction pattern at the cone edge.

Using higher laser intensity and a high density helium target, the cone from each of

the two ionization states is visible in Fig. 3.5b, where two layers of the shadow and

halo feature are visible. The vertical ionization front is also visible in many shots at

the exit of the plume or at the position of the main pulse within the plume. These

features are typically not visible at the densities of interest for optimized wakefield

acceleration.

Another effect observed in some shadowgrams taken at full power is a bright streak

on-axis. This streak is caused by plasma channeling by the high intensity pulse.

As discussed in Sec. 2.2.3, the main pulse can experience self-focusing and beam

filamentation when the power is greater than the critical power. High intensity laser

filaments can produce channels of decreased electron density which may persist for

many plasma periods and may even cause significant ion motion on a longer timescale.

In the case of ion motion, electrons will adjust to match the ion distribution on the

timescale of 1/ωe. Therefore the index of refraction distribution will be determined

by the ion distribution. These structures cause probe ray deflection in the opposite

direction from the simple conical plasma case- probe light is focused. Interpretation

of shadowgrams exhibiting these features is complicated, as mild focusing will lead to

observation of a bright streak, whereas severe focusing could lead to observation of

a depleted region. Additionally, filamented channels have been observed to exit the

original plasma cone and cause a streak of ionization. Focusing of the image system

is also crucial for observation of these fine structures in the plasma.

As an estimate of the expected deflection angle from a plasma relevant to this

thesis, consider the refractive index gradient from the edge of a full plasma cone.

Supposing the electron density falls from 5×1018 to 0 cm−3 over a distance of 100 µm,

the deflection angle for a ray passing through the edge of a plasma cone where the cone
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radius is 150 µm predicted from Eq. 3.4 is ∼ 3 mrad. For the lenses typically used

for the shadowgraphy setup, this corresponds to a displacement of rays of ∼ 1 mm

on the CCD chip- a sizeable portion of the field of view. The deflection is much

less severe for rays that traverse the cone close to the cone axis, which see a much

shallower gradient in the y axis. Further, for the case of ray deflection by a partially

depleted filamentation channel, the ray displacement on the CCD will be smaller

than the value calculated above (1 mm) by approximately a factor δn/n0. As this

would suggest, on-axis streaks tend to be observed with low density, high intensity

experimental conditions, whereas the on-axis feature becomes more complicated at

high density as gradients become stronger.

Another diagnostic fielded on most experiments is topscatter imaging. The scat-

tered light is collected from above with a 2”, f = 30 cm lens, sent out of the chamber

via periscope and divided with a broad band 50 % beamsplitter. One arm is reimaged

with a f = 50 cm lens onto a CCD which is exposed for 100 ms, collecting all scat-

tered laser light and plasma emission. The other arm is reimaged with a f = 100 cm

lens onto a slit of an imaging spectrometer, such that the main pulse axis is imaged

to be parallel to the slit length. Side-scattered light can be used to confirm alignment

and when spectrally resolved can be used to diagnose the density (Sec. 4.3.1), laser

evolution [129], and injection [130].

IP is chosen for electron or x-ray measurements for which sensitivity and high

contrast (16-bit Fujifilm BAS-1000 II reader) are required. In all cases, the IP is

first erased by illuminating it with ultraviolet light for 30 minutes and is then placed

inside the vacuum chamber for exposure and must be removed to be read. Exposure

by x-rays or energetic electrons excites electrons within the IP lattice (a BaFBr:Eu2+

crystal) into the conduction band, and some such electrons become trapped in a

metastable state with a lifetime of several hours at room temperature. The exposed

IP must be fully light-shielded to prevent erasure before being read. The Fujifilm
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reader scans a red laser over the entire surface of the IP in 5 µm steps, again exciting

electrons in the metastable state and leading to Photostimulated luminescence (PSL),

which is detected with a photomultiplier tube and the signal is digitized.

LANEX is used instead when electron information is needed instantly on each

single shot. The LANEX screens are protected on the exposure side by 500 µm thick

aluminum or brass to prevent overexposure from low energy electrons and soft x-rays

and are also carefully light-shielded to prevent laser light transmission. The screen is

imaged from the rear side using a telephoto lens and filtered with BG39 glass. The

emission is centered on a narrow line at 550 nm. Two grades have been used in these

experiments- LANEX regular and LANEX fine.

The electron spectrum is measured by dispersion in a transverse magnetic field

whereby electrons obey a bent trajectory with curvature according to the relativistic

Larmor radius, rL = pγ/eB where pγ = γmev. The most dispersive magnet used in

these experiments is 15 cm in the beam forward direction and 10 cm wide with a field

strength of 8.0± 0.5 kG sustained over 11 cm and falling off over 3 cm. After leaving

the magnetic field, the electrons propagate freely to the detector.

All images for LANEX measurements, transverse probe, and scattered light are

acquired with Photometrics Coolsnap cf monochrome CCDs, which have specifica-

tions listed in Table 3.2. For several of the experimental setups described in this

thesis, an absolute charge calibration of the electron spectrometer diagnostic was

conducted. This was achieved by placing an image plate between the LANEX screen

and its usual shielding, and correlating the measured LANEX screen to IP signal,

which is absolutely calibrated to electron charge as a function of energy as described

in Ref. [125].

Additional diagnostics are available, as needed, for certain experiments includ-

ing two Jobin Yvon motorized spectrometers for measurement of the transmitted or

scattered light, neutron time-of-flight detectors, CR39 particle track detectors, and
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Pixels 1392 × 1040
Pixel size 4.95 × 4.95 µm
Chip size 6.5 × 4.8 mm
Readout 11frames/s
A/D 12− bit
readout noise 4.3 counts (Standard Deviation)
Quantum efficiency > 5% (400− 800 nm)

Table 3.2: Coolsnap cf monochrome CCD specifications

integrating current transformers.

3.2 Computational Modeling

Many aspects of LWFA-relevant systems can be modeled using PIC codes. PIC

codes represent plasma as a collection of N charged quasiparticles, each quasiparticle

representing one or many charges in a real plasma. The computational advantage of

a PIC code comes from realizing that the acceleration on any particle in a plasma is

dominated by the macroscopic electromagnetic fields. Thus the total acceleration on

a particle can be calculated using an estimate of the local macroscopic fields rather

than by calculating the net Coulombic acceleration from all other N − 1 particles. A

PIC algorithm must include a particle pusher which time-integrates the Lorentz force

equation and a field solver which finds the electric and magnetic fields for the entire

spatial domain. An artificial spatial grid is established to numerically calculate the

electric and magnetic fields at any point in the spatial domain. Any PIC model should

choose a grid which resolves the Debye length of the system in order to minimize

artificial particle heating, though for PIC modeling of LWFA, the more constraining

spatial scale is the laser wavelength. Finite differences are used for the particle pusher

and field solvers. To accomplish stability, these two steps are performed iteratively

with both steps performed at each time step.

The PIC code OSIRIS [131, 132] was used to guide choices of experimental pa-
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rameters and PICNIC [133], which includes an ADK ionization model, was used in

support of the experimental results discussed in Sec. 7.5.
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CHAPTER IV

Acceleration in Gas Jets

This chapter will incorporate data from several experiments, giving an overview of

my findings in laser wakefield acceleration using gas jets as the accelerator medium.

4.1 Introduction

The most commonly used accelerator device for LWFA is the gas jet, whereby the

gas from a reservoir is released in a brief pulse and caused to expand supersonically

using a conical nozzle. Conical nozzles are typically used as opposed to the ideal

de Laval nozzles used in rocketry due to ease of manufacturing. The suitability of

conical nozzles for LWFA was studied in Ref. [134].

For the laser parameters considered here, the main laser pulse intensity is 4-5

orders of magnitude greater than the ionization threshold for hydrogen or helium.

Diatomic hydrogen and atomic helium will become fully ionized at least 2 pulse

lengths in advance of the HERCULES pulse, assuming a Gaussian with 30 fs FWHM,

and could even be ionized much earlier in the presence of a high intensity prepulse.

Therefore, these two gases are the most common species used in LWFA due to a desire

to produce well-understood plasmas, with helium being the most common due to the

flammability of hydrogen.
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4.2 Experimental Setup and Calculations

A typical experimental setup is shown in Fig. 4.1. The inner chamber dimensions

outlined in the figure are 155 × 94 cm. All experiments were conducted at vacuum

pressure < 5 × 10−4 Torr which is achieved using turbomolecular pumps. The

system can be aligned under vacuum using two motorized mirrors, correcting for

small displacements of optical components during pumping.

Supersonic expansion of the gas sets up a sharp vacuum/gas interface and can

produce a flat density profile. Driving supersonic gas expansion from the nozzle

requires high backing pressure (as much as 1500 PSI), which is pulsed using an

industrial solenoid valve (Peter Paul EH22H7DCCMG). A custom voltage pulser

allowed control of the amplitude and duration of the > 100 V pulse required to drive

the valve. The valve opening time was 5 ms and the gas flow was stable throughout

a 20 ms window. The laser arrived 15 ms after a trigger pulse which simultaneously

triggered the voltage pulser and opened all diagnostic shutters. All nozzles used

were machined from aluminum which can withstand the high pressure requirements,

is easily machined and has relatively low Z which is important for reducing signal

from bremsstrahlung radiation. Nozzles with larger exit diameter were used when

long acceleration lengths were anticipated. However, the gas pressure required to

produce a particular density increases with increasing nozzle diameter. The pressure

required depends not only on the diameter, but also on the Mach number of the

nozzle, which is sensitive to the geometry of the nozzle. The experimental repetition

rate is generally limited by the time required to pump out the chamber (as much as

3 min) rather than the laser repetition rate. The open duration of the solenoid valve

can be shortened to reduce the pumping time. The nozzle was placed 1 mm below

the laser axis for all experiments. The gas plume is still sharply defined at this height

above the nozzle, but the interface and density profile become smoothed out several

mm above the nozzle. If the nozzle were raised closer to the laser axis, bright laser
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scatter became a concern for some diagnostics and the nozzle could potentially be

damaged.

Unless it was deemed unnecessary, each experimental run began with a scan of the

nozzle position followed by a grating scan, where either the electron signal or gamma

ray signal was optimized. The high energy electron signal was found to disappear

completely if the nozzle longitudinal position is off from optimum by two Rayleigh

ranges, 2zR, where zR =
πw2

0

M2λ0
= (228, 960) µm for (f/10, f/20) geometries or if the

grating position is off by more than 200 µm (τ > 50 fs).

f=10"

Inner Wall
of Chamber

z

x

House for
LANEX
Screen

UK 0.8 T
magnet (in)

6 inch flat gold mirror w/ mount

FL=80"=203.8 cm F/20
Off axis angle 2.15 deg

FL=40"=101.9 cm F/10
Off axis angle 5.50 deg

Gas jet

Figure 4.1: Gas jet experimental chamber setup.

Based on the laser parameters P = 100 TW, τ = 30 fs, the “bubble” criteria (Eqs.

2.24,2.25) are exactly satisfied for a density 3.4× 1018 cm−3 and matched spotsize ra-

dius of 11 µm. This spotsize could be achieved exactly with f/20 focusing geometry.

However, injection cannot be achieved at the density 3.4×1018 cm−3 with this setup.

Using f/10 focusing geometry increases the intensity, allowing injection at a lower

density than f/20 geometry. The maximum energy gain for these parameters accord-

ing to the bubble scaling by Lu ∆E[GeV ] ∼= 1.7
(
P [TW ]

100

)1/3 (
1018

np[cm−3]

)(
0.8

λ0[µm]

)4/3

[81] is 580 MeV . At 200 TW , injection at exactly matched conditions should be
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achievable.

4.3 Experimental Results

4.3.1 Top and Side Scattering

The signal of scattered light detected in the top-scatter imaging system is very

sensitive to laser intensity and plasma density. For these reasons it is used to confirm

that each experiment is properly setup. The scattered light originates from the front

of the plasma as shown in Fig. 4.2(a). To further investigate this scatter, a half-wave

plate was installed, rotating the polarization axis to be inline with the observation

direction which resulted in a decrease in the signal by more than 4 orders of magni-

tude. This strong directional dependence is consistent with both incoherent Thomson

scattering by free electrons [135] and Raman scattering by plasma waves [136–138].

However, the Thomson scattering cross section is too low to explain the observed

bright scatter (Equation 56 in [139] predicts scattered power ∼ 10−8P where P is the

laser power, whereas the detected signal suggests the value is ∼ 10−4P ). When the

scattered light was spectrally resolved, as shown in Fig. 4.2(b, c), it became clear

that the light was Raman side-scattering [129], as the light was shifted from the initial

laser wavelength to longer wavelength where the maximum shift ∆λ = 2πc/ωr. This

diagnostic is well-suited for plasma density measurement as the Raman shift records

the relativistic plasma frequency precisely within the spot of the main pulse, which

can be difficult to resolve with interferometry.

Additionally, sharp increase in the amount of measured light was found to indicate

failure to inject. Fig. 4.3 shows the integrated Charge Coupled Device (CCD) counts

from the top-scatter diagnostic as a function of beam charge as detected by the

electron spectrometer. The data are 70 shots with experimental parameters held fixed

and laser power ranging from 62− 73 TW where the range comes from shot-to-shot
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Figure 4.2:
Raman-scattered light imaged (a) and spectrally resolved (b, c) as ob-
served in the direction perpendicular to the laser polarization direction
which is in the horizontal plane in (a) and vertical plane in (b, c). The
laser propagates from top to bottom in each case. In (a), the 3 mm noz-
zle orifice, which is 1 mm below the laser plane, is shown as a red circle.
In (b, c) the laser initial central wavelength 800 nm is indicated by the
red line. The center band is from probe light, showing the laser spec-
trum. The bright streak is Raman-scattered to longer wavelength with
shift dependent on ne(z) and I(z).
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fluctuation. The shots were placed in bins according to the detected charge (shown

as horizontal bars) and the integrated top-scatter signal is averaged within each bin.

Vertical error bars enclose one standard deviation for each bin. The transmission for

the filters used in the top-scatter diagnostic (Fig. 4.2, bottom left) increases steeply as

wavelength increases. Therefore, it cannot be determined whether the increased signal

associated with low charge is due to a true increase in scattered light or a shift of the

light to longer wavelength. Such a shift could be caused by a high stimulated Raman

instability growth rate which might simultaneously explain the decrease in charge.

Alternatively, if the increase in detected scattered light is not due to a wavelength

shift, the amount of scattered light is truly greater which could indicate that the main

laser becomes depleted more rapidly on the low charge shots.
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Figure 4.3: Comparison of collected top-scattered light vs. measured charge.

4.3.2 Electron Spectra and Profiles

Density is the most important experimental parameter with regard to electron

spectrum, charge, maximum energy, and divergence. The general dependence of

beam parameters on density is as follows:
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• A density threshold, below which no high energy electrons are detected, though

there may be lower energy electrons indicated by an increase in gamma ray

signal

• Monoenergetic, single beam with stable, undeflected pointing, present for den-

sity just above threshold (bubble regime)

• As density is increased, the monoenergetic beam energy decreases and energy

spread increases (dephasing, and forced LWFA regime)

• As density is further increased, beam charge increases, as does divergence.

There may be multiple beams, accompanied with highly deflected and struc-

tured beams (wavebreaking)

• Onset of laser and/or beam instabilities at high density results in diminished

beam energy and eventual failure to accelerate.

This behavior is demonstrated in Fig. 4.4, which plots the maximum detected energy

for 318 shots where shots at identical pressures have been averaged. These data were

taken with power 96 TW ≤ P ≤ 136 TW and a 10 mm nozzle. In this case, the

acceleration length was most likely limited by the guiding length.

Fig. 4.5 shows the injection threshold density as a function of laser power on

target. The threshold scales as ninj ∝ P−0.8. The plotted injection threshold data

points indicate the lowest density at which electrons were observed on the electron

spectrometer. Densities are found using experimental fittings of density versus pres-

sure.

Selected high energy and high charge shots are shown in Fig. 4.6, in which the

electrons have been dispersed according to their energy in the horizontal axis. Energy

increases to the left of the image with black vertical bars indicating 100, 200, 300,

400, and 500 MeV. The right edge corresponds to 58.7 ± 0.8 MeV and the left
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corresponds to 918 ± 155 MeV where the uncertainty is due to the beam divergence

and pointing fluctuation which affects the entrance position and angle of the electron

beam as it enters the spectrometer.
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Figure 4.6:
Three of the highest energy electron shots from an experiment using a
10 mm nozzle and 100 TW . Images of the lanex scintillator screen are
shown (left) with energy increasing from right to left. White bars are
marked at 100, 200, 300, 400, and 500 MeV and the red bar in the middle
indicates 10 mrad divergence at that location on the screen. Calibrated
spectra for these shots are shown (right) with the uncertainty in energy
shown as black error bars for energy of 250 and 850 MeV

Beams have been produced with as little as 1% energy spread (∆E/E) where

∆E is the FWHM of the peak in charge per unit energy. Some example beam

spectra are shown in Fig. 4.7. The beam is not apertured before being dispersed

by the magnet. Therefore beams detected as monoenergetic also necessarily have low

divergence whereas lower energy features, such as beams injected in trailing buckets

or a low energy tail, tend to have higher divergence.

It has been found through grating scans that an increase in pulse duration from

just 30 to 50 fs entirely prevents the monoenergetic, high energy electrons associated

with LWFA in the bubble regime. However, the behavior is only weakly dependent

upon laser power. An increase in power allows injection at lower density, resulting in
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Figure 4.7:
Five example spectra of monoenergetic electron shots produced at various
experimental conditions.

higher maximum energy, though the overall beam behavior as a function of density

is unchanged. The maximum beam charge also increases with power, though the

increase given a doubling of laser power is not as large as the variation in beam

charge for a scan of density over a factor of two at fixed power.

The beam parameters are also weakly dependent on focal spot quality. For this

reason, it was decided that the deformable mirror, which was used for nearly a year,

could be replaced with a flat gold mirror without detriment to the LWFA experiments.

4.3.3 Beam Filamentation and Channeling

The shadowgrams from the transverse probe show structures in the interaction

region. For example, Fig. 4.8a features a bright strip on the laser axis surrounded

by dark strips. This occurrence is due to displacement of plasma ions, producing

a nonuniform but cylindrically symmetric ion channel with a matching electron dis-

tribution. This cylinder focuses probe light toward the axis of the main pulse. A

single filament has been observed uniformly along the entire length of the main pulse

interaction, indicative of a uniform ion channel. This channel existed at densities
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appropriate for monoenergetic LWFA. As discussed in Ch. V, channels have been

created intentionally with an additional laser for the purpose of laser guiding. At

100 TW and higher densities, multiple filaments have been observed. The fanned

out filaments (Fig. 4.8c and d) were produced by laser light which was scattered

by laser/plasma interactions. While these structures are driven by the laser pulse,

the high-charge electron beam pulse can also supply an impulse to the plasma ions,

producing an ion filament [140] which may be the structure seen in Fig. 4.8d.

4.3.4 Betatron Radiation

The use of LWFA as a betatron radiation source was investigated in detail [117]

in collaboration with Stefan Kneip. The radiation generated in a 10 mm gas jet was

measured using an Andor CCD camera (DX434-BN) [141] and found to be similar to

radiation from an undulator with strength parameter K = 1.5, source size as small as

1 µm, and peak brightness 1022photons/s/ mm2/mrad2/0.1%BW . The source size

was measured from the x-ray shadow first of standard radiography targets as shown

in Fig. 4.12 and then using a cleaved edge of an InSb crystal.

In a second experimental campaign, x-ray flux measurements were taken using

the Andor deep depletion CCD camera, which is less sensitive to photons with energy

< 2 keV and more sensitive over the range 4 − 20 keV as compared to the DX434-

BN model. All data shown in this section were taken with a 360 nm Al filter as

well as Mylar filters of differing thickness. The detector subtended a solid angle of

4.77× 4.77± 0.01 mrad2 as measured from the front of the nozzle. This solid angle

is smaller than the FWHM beam divergence (found previously to be 4 × 13 mrad2)

and comparable to the shot-to-shot pointing stability. The measured signal can vary

by an order of magnitude shot-to-shot. This is likely due to the fact that the detector

angle is smaller than the pointing stability and therefore the peak of the x-ray beam

often misses the detector. Because of the linearity of the detector (1% maximum
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Figure 4.8:
Transverse shadowgrams demonstrating features of the interaction
plasma, each illuminated less than 20 ps after laser arrival (laser moves
from right to left) at the front of the vacuum/plasma interface. In (a),
the plasma is visible as a cone 1 mm above the gas jet orifice. A single
central channel is observed, possibly indicating a self-guided laser spot.
As density is increased, laser/plasma instability can cause severe laser
scatter and filamentation (c) and (d). High charge electron beams may
also produce an ion filament (d). In each shadowgram, 1 mm is indicated
by a red bar.
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deviation), the number of counts above readout noise integrated over the detector

is a good indicator of the total energy in x-rays within the response window of the

detector+filter system (roughly 4−20 keV ) though the number of photons cannot be

calculated from this data without making assumptions about the photon energy spec-

trum. If the x-ray spectra change significantly shot-to-shot, particularly if the spectra

have critical energy around 4−5 keV (below which the transmission of Mylar drops),

this would also contribute to the observed shot-to-shot variation. Additionally, the

x-ray beam divergence is likely very sensitive to the electron beam divergence, energy,

and source size which all vary shot-to-shot and depend on experimental parameters

such as density.

Fig. 4.9 demonstrates the x-ray total energy flux F as a function of density for

three laser power settings. Each data point gives the flux averaged over several shots

(at least 4 and as many as 16) at identical experimental conditions and error bars span

one standard deviation of those shots. Shots with < 20 pC electron beam charge were

excluded. As laser power is increased, x-rays can be generated at lower density and

the total x-ray energy increases approximately as P 2 (see inset plot). These effects

can be explained by considering the effect of laser power on the LWFA process. As

shown earlier in this chapter, the threshold injection density scales as P−0.8. The

beam charge has also been observed to increase with power and the maximum energy

gain is expected to scale linearly with charge. Considering that λLWFAβ ∝ γ−3/2 and

Ecrit ∝ γ2r0, it is not surprising that the betatron flux increases more than linearly

with power.

The rise and fall in flux with increasing density within each curve is due in part

to the trend in trapped electron beam charge discussed earlier in this chapter. As

shown in Fig. 4.10 (top), both the betatron flux (blue) and charge (green) are plotted

for 17 shots with notable correlation between betatron flux and beam charge. These

data were taken with a 5 mm nozzle and laser power 58.4± 2.5 TW .
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Figure 4.9:
Scans of betatron flux as a function of density for three laser power set-
tings. The rise and fall of each curve with increasing density is character-
istic of the trend in trapped electron beam charge. The inset plot shows
the maximum flux at each power level with a black dotted line showing
the curve fitting F ∝ P 2.
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Figure 4.10:
(top) Correlation is shown between beam flux (blue) and charge (green)
for 17 shots. (bottom) The flux as a function of length is unclear. No
data is available at the same filter level for the densities of most interest
(below 8 × 1018 cm−3). For densities above 1 × 1019 cm−3, the dephas-
ing length is less than 3 mm. Therefore above this density the flux is
expected to be identical for the two curves, but below this density, the
10 mm nozzle would be expected to give a higher flux.
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The spectrum of the radiation was first measured using Ross filter pairs [142]. A

single Ross filter pair consists of two x-ray filters with similar transmission curves,

but differing transmission over a certain energy window. A piecewise picture of the

spectral shape of a source can be constructed by using multiple Ross filter pairs in

the same exposure. As described in Ref. [143], the spectral data taken using the Ross

filter pair technique were fit to synchrotron spectra characterized by the parameter

Ecrit, the critical energy, and found to fit best to a critical energy up to 8 keV .

Additionally, the spectrum was measured using the Andor CCD where the x-ray

flux was controlled such that each pixel of the CCD on average was hit by� 1 photon.

This was achieved primarily by extending the source-detector distance and also using

Mylar and/or metal filters. The extended separation also helps evenly illuminate

the detector but makes pointing fluctations more problematic. In this “single-hit”

case the signal from a single pixel could be attributed to a single photon, with signal

proportional to the photon energy. The detector energy scale was calibrated using

both Fe-55 and Am-241 radioactive sources and exhibited excellent linearity over the

range 5.9− 21 keV . The histograms taken from the single-hit data indicate as many

as 1011 photons per steradian within the range 3−25 keV averaged over the detector,

which was 4.77 mrad× 4.77 mrad.

The radiation was also found to exhibit spatial coherence, allowing for phase

contrast imaging as demonstrated in Figs. 4.13 & 4.14. The parameters of the beam

are summarized and compared to existing and planned facilities in Table 8.2 in Ch.

VIII.

4.4 Conclusions

An extensive collection of LWFA data has been taken with nozzle lengths between

500 µm and 10 mm and laser power up to 136 TW on target. The nozzle lengths

studied were in most cases much longer than the diffraction length. For studies
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Figure 4.11:
X-ray spectra acquired using the Andor CCD camera in single-hit oper-
ation.

Figure 4.12: Betatron radiogram of a resolution test target
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Figure 4.13:
Betatron radiogram of a damselfly taken with betatron x-rays from a
3 mm LWFA. Magnification is 4.1 ± 0.1. Four single-shot images are
stitched together. Spectral measurement in the single hit flux range
under similar conditions found the photons to range in energy from
3− 14 keV . Note that useful information can be retrieved from absorp-
tion by internal structures as well as phase contrast imaging at sharp
interfaces.

Figure 4.14:
Betatron radiogram of a yellowjacket taken with betatron x-rays from a
3mm LWFA. Magnification is 4.1±0.1. The bottom right image presents
the accumulation of 8 shots while the 5 remaining stitched images are
single shots. Note that shot-to-shot angular jitter only mildly degrades
the image resolution as shown in the 8 shot accumulation.
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conducted well above the injection density threshold, the dephasing and depletion

lengths were shorter than the nozzle length. However, the most interesting parameter

space was the regime of density slightly above the injection density threshold. For

this reason, nozzles were chosen to be equal to or shorter than the dephasing and

depletion lengths at the density threshold for the anticipated laser power. In these

experiments, plasma density was the most important parameter in controlling electron

beam parameters as both the injection and acceleration dynamics depend critically

on density. The density parameter space investigated in these experiments included

regimes where λp > 2cτ as well as λp < cτ . The wakefield accelerator is operated

at nearly matched conditions such that the laser pulse will evolve by self-guiding to

a waist of λp and by self-compression to a pulse duration λp/2c. This is especially

true for the threshold studies presented here. As described in Ref. [144], in this

nearly matched bubble regime, the injection threshold vector potential predicted in

theoretical work [145] can be converted to a threshold value for the product of laser

energy and plasma density. The formulation therefore predicts an injection threshold

density which scales as P−1. In this work, the injection threshold density was found to

scale as P−0.8 and for 100 TW laser power, the injection density threshold was found

to be 5.1± 1.0× 1018 cm−3 for which λp/c = 49 fs. Ref. [144] predicts the threshold

density to be 3.8×1018 cm−3 for these conditions. The discrepency in this case is likely

due to the fact that theoretically scalings assume a fixed density while our measured

density profiles are not uniform longitudinally and the values quoted in this thesis

are maximum densities. This also explains why the energy gains observed in Fig.4.4

were slightly below the values predicted by theoretical scaling. The experimental

conditions and electron beam parameters found during the experiments within this

chapter are summarized in Table 8.1.
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CHAPTER V

Guiding in Capillary Waveguides

5.1 Introduction

In the presence of a plasma waveguide where the background plasma density is

diminished by ∆nch(r) on axis and where the initial radial density profile is described

by n = np + ∆nch

np

r2

w2
0
, Eqn. 2.10 must be modified to:

η(r, ζ) ∼= 1−
ω2
pg

2ω2
0

(
1 +

∆nch
np

r2

w2
o

+
δn

np

)
(5.1)

For a laser spot with waist radius w0 in a parabolic density trough of width rch

such that w0 = wM ≡ (r2
ch/πre∆nch)

1/4, the laser spot will remain focused with the

matched spot radius wM . For an unmatched spot, diffraction and guiding will alter-

nately cause overshoot and undershoot of the matched spot size set by the channel.

Perhaps the most technologically straightforward method for creating such a

plasma waveguide is the ablative wall capillary discharge, which establishes a guiding

structure by ablating and heating material from the inner walls of a plastic capil-

lary via low current discharges of 200 − 400 A. Plastic (carbon and hydrogen) is

used as the material in order to keep the average Z of the plasma as low as possible.

These were the first capillary discharge devices to demonstrate guiding [146–149] and

such capillaries are much easier and cheaper to construct than gas-filled capillaries
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[150, 151, 41, 152, 153], which are typically made of sapphire. However, as will be

discussed in this chapter, the ablative capillary has some additional challenges that

gas-filled capillaries avoid such as shorter lifetime and less control over the ionization

state and total density of the plasma.

A significant recent result was the demonstration of extended laser acceleration

distances using a hydrogen filled capillary discharge plasma waveguide, which was

shown in 2006, to be able to generate accelerated electron beams to 1 GeV over

a distance of only 3 cm using a laser power of 40 TW [41]. This was the first

measurement of laser produced electron beams in the GeV range and demonstrated

guiding at relativistic intensity using a hydrogen filled-capillary waveguide. In another

experiment [154] a 0.56 GeV electron beam with 10 fC charge was observed using

a 4 cm ablative capillary similar to this experiment. There has subsequently been

research to improve the understanding of the details of plasma wave production and

electron acceleration in such plasma waveguides, and subsequent experiments using

hydrogen filled capillary waveguides have shown similar acceleration [152]. However

another recent experiment showed that the mechanism for generating these beams

with hydrogen filled capillaries was more complex than previously thought [153],

and that electron injection was intimately related to the process of ionization of the

target plasma by the intense laser pulse. In such experiments good guiding and an

extended propagation distance of the high power laser pulse were a necessary but not

sufficient condition for the production of relativistic electron beams from the capillary

discharge plasma waveguides. In that work it was found that only when ionization

was attributed to the main laser pulse (15 TW ) could accelerated electron beams be

measured. Other types of plasma waveguides have also been explored and have been

the subject of a significant amount of recent research including the use of gas filled

hollow glass capillary waveguides [155, 156]. There are also for all-optical waveguide

production [157–159] by using a second laser pulse to form a plasma waveguide for
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a subsequent interaction pulse. The method in reference [157] is likely ineffective for

guiding pulses with intensity > 1015W/cm2 and the latter two references require a

> TW laser to be used as a self-guided channeling beam.

Portions of this chapter, including Figs. 5.1, 5.3, 5.4, 5.5, 5.6, 5.7, and 5.8 and

their descriptions have been reprinted with permission from [160]. Copyright 2009,

American Institute of Physics.

5.2 Experimental Setup and Calculations

For these experiments the HERCULES laser system was operational up to 35 TW

and was focused by an f/10 off-axis parabolic mirror to a 20 µm spot diameter

(FWHM) without wavefront correction and without XPW. 3 cm polyethylene cap-

illaries were used which had a 400 µm diameter bore. The bores were machined as

small as a 250 µm into a 1” diameter cylindrically shaped polyethylene. This can

be done with a standard drill press. Laser machining bores with such a high aspect

ratio is challenging. Also, commercial extruded plastic microtubing may be able to

produce more clean and consistent holes than machining. However these tend to

have ∼ mm outer diameter and it was found to be difficult to sufficiently insulate to

prevent discharge around the outside of the tubing.

The bulk machined capillaries were carefully insulated with additional bulk plastic

and silicone for full enclosure over a radius of several inches. Initial alignment was

performed by maximizing the laser light transmitted through the empty capillary

at low laser power (300 µJ per pulse at 10 Hz). The capillary could be controlled

remotely in three orthogonal axes as well as two rotational axes. Brass electrodes

were placed at the ends of the capillary and a capacitor (∼ 1 nF ) was connected to

the electrodes and charged to ∼ 20 kV . The discharge was triggered by ablating the

inner walls of the capillary with a focused Nd:YAG laser pulse (30 − 100 mJ, 10 ns,

∼ 5x1010 W
cm2 ). This “igniter pulse” controls the timing of the discharge to within
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about 5 ns accuracy. A delay generator was used to control the timing between a

clock pulse from the Ti:Sapphire system and the Nd:YAG q-switch. The arrival of

the two pulses at the experimental chamber was monitored using photodiodes and an

oscilloscope. The experimental setup is shown in Fig. 5.1.

At the end of its lifetime, a capillary can be replaced in the same mount and

only brief realignment is necessary. The operational lifetime of a typical capillary was

found to be several hundred shots. The bore diameter increases by as much as 50%

over this period (∼ 1µm per shot), indicating that optimum conditions for guiding

will shift throughout this time. This lifetime limitation is caused mainly by material

ablation from the walls during the discharge and not from the high intensity laser

interaction. Consequently the high laser power used during the experiment typically

did not affect the operation of the discharge.

An uncoated glass wedge was used to reflect some of the transmitted light, which

was then collected by a lens (2” diam x 20”f) and imaged by a second lens (3” diam

x 1 mf) and 10x microscope objective onto a Coolsnap 12-bit CCD to monitor the

transmitted laser mode. A beamsplitter was also used to send some of this light to

a manual imaging optical spectrometer to monitor changes in the transmitted laser

spectrum. The spectral window was 426 nm.

5.3 Waveguide Creation

Stark broadening of the hydrogen α line was measured across the capillary output

by Michael Levin [149] to confirm that these ablative capillaries show a parabolic

density structure (Fig. 5.3a). Typical densities of 1 − 3x1018 cm−3 on axis were

achieved, with the density increasing with the applied voltage and decreasing at later

time. Note that such densities are considerably lower than the densities attainable

using gas-filled capillaries. However, this measurement was taken without a high

intensity interaction pulse. To model its propagation through the plasma channel,
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Figure 5.1:
Diagram of the experimental chamber as arranged for ablative capillary
experiments. The Nd:YAG ignitor (orange, from top) and the HER-
CULES pulse (red, from bottom) are both focused to the entrance of the
capillary using the same parabolic mirror. The high intensity pulse is
guided and collected with a 2” wedge. The collected light is split with
a broadband 50% beamsplitter to observe the mode image as well as the
spectrum.

~10 kV

~3 cm

30
0-

50
0 

  m
m

Nd:YAG

Ti:S, after ~100s ns

Figure 5.2:
Diagram showing the processes within an ablative capillary. An ignitor
pulse arrives from the right, causing ablation and breakdown within the
capillary. After a certain delay, a suitable guiding channel exists at which
time the high intensity pulse (pink) is guided from right to left.
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Figure 5.3:
(a) Measured electron density within a discharged capillary waveguide be-
fore the arrival of the high intensity pulse. (b) Guiding potentials derived
from the profile shown in (a) for three values of the guided beam power.
Matched (minimum value) beam radii are specified for each potential.
Image courtesy of Michael Levin

the plasma refraction index η(r), derived from the experimentally measured radial

density profile and modified via relativistic electron mass increase, was substituted

into the envelope equation [61]

∂2rs
∂z2

=
λ2

π2

1

r3
s

+
e

rs

〈
r
∂

∂r
η(r)

〉
r

(5.2)

where the angular brackets denote the intensity-weighted radial average of the en-

closed quantity. Eq. 5.2 describes the longitudinal evolution of the guided spot radius

rs , and can be made analogous to the equation of motion of a particle subjected to a

one-dimensional potential field Vs, so that ∂2rs/∂z
2 = −∂Vs/∂rs [161]. The function

Vs is obtained by integrating the right-hand side of Eq. 5.2 with respect to rs, and

can be called the “guiding potential”. The condition ∂Vs/∂rs = 0 corresponds to a

constant (“matched”) spot radius. It can be shown that for a Gaussian beam profile
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the guiding potential is given by

Vs = −

 λ2

2π2

1

r2
s

+ 8

∫
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∞∫
0

r2 exp(−2r2/r2
s)
∂η

∂r
dr

 (5.3)

The result of application of Eq. 5.3 to the radial density profile shown in Fig. 5.3a

is presented in Fig. 5.3b for three values of the guided beam power. It can be seen

that the matched beam radius decreases as the laser power increases due to relativistic

self-focusing. In fact, the guiding potential is much more informative than the density

profile from which it was derived. The whole range of possibly guided beam radii for

a given power can be inferred at a glance including the matched spotsize and the

amplitude of oscillation in size can be seen for a given unmatched spot.

The timing window appropriate for guiding is determined by the hydrodynamic

evolution of the plasma within the capillary. As shown in Fig. 5.5, the timing

window is approximately 150 ns wide. The optimum delay (arrival time of the high

intensity pulse relative to the igniter, or discharge triggering pulse) was found to

depend on discharge parameters, laser power, as well as an observed slow variation in

the alignment and timing as the accumulated number of discharges of the capillary

slowly increased the bore diameter.

5.4 Experimental Results

5.4.1 Guiding Results

Guiding over 3 cm was achieved, first with the regenerative amplifier level of HER-

CULES (300 µJ) and also at powers up to 35 TW . Guiding over this length already

offers a significant increase over the self-guided interaction lengths achieved in gas jet

targets. As laser power was increased the parameter space which could repeatably

accomplish good guiding (determined by the integrated signal within a 55 µm radius
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of the peak) was found to shrink. As will be shown in this chapter, this result may be

explained by field ionization of ablated capillary material by the HERCULES pulse

and subsequent ionization-induced laser defocusing as well as propagation instabilities

such as laser filamentation which is discussed in Sec. 6.3.

The images of Fig. 5.4 demonstrate the observed guiding behavior in these ablated

capillary waveguides. A reference shot of the laser at focus is shown (top-left). Typical

vacuum spot parameters without correction by deformable optics were 20 µm spot

diameter with 40% of energy within the FWHM spot. All other images shown in Fig.

5.4 have the same spatial scale, however, they are imaged 3 cm after the laser focus

(at the exit of the capillary). Guided spots contained as much as 20% energy within a

35 µm FWHM spot. The total transmitted light is typically 15-25% of the input. As

seen in Fig. 5.4, many guided spots had fluence within about one order of magnitude

of the focused vacuum shot.

During the experiment it became clear that guiding was impossible at very early

delay but also at very late delay and full power, as shown in Fig. 5.5. Poor guiding

at early delay is explained by transit time of the ablated material. For late delay, the

ablation material will eventually stagnate on axis, filling in the guiding channel. This

behavior however should be independent of laser power. It was further observed that

for fixed power, the quality of guiding was inversely correlated with the amount of

blueshift observed (Fig. 5.6). Blueshift, as discussed in the next section, is indicative

of ionization during the main pulse.

5.4.2 Laser Spectral Results

The optical spectrum showed a large amount of blueshifted light on most shots

when the capillary was discharged. The blueshifted signal as a function of delay (Fig.

5.7) and lineouts (Fig. 5.8) at the exit of the capillary show very little blueshifted light

for the first ∼ 75 ns while the plasma was expanding from the walls. When hydrogen
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Figure 5.4:
Top images are references at focus and capillary rear exit without dis-
charge. Rows two, three, and four show guided laser modes at the capil-
lary exit for various powers. Pointing fluctuation is real.
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Figure 5.5:
Laser guiding is achieved only within a timing window 100 − 300 ns
after the ignitor pulse has arrived at the capillary entrance, triggering the
discharge. Each data point represents a single shot, normalized to input
laser power from a single experiment at 8 TW . Included shots were known
to be at optimal alignment and discharge parameters. Timing jitter was
5 ns. Vertical error bars enclose one standard deviation of all shots with
identical parameters taken over many experimental runs.
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Figure 5.6:
Quality of guiding is diminished when strong blueshifting is observed.
Axes and error bars are the same as described in previous figures. All
shots are from a single experiment at 8 TW .
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ions and atoms reach the laser axis, weak blueshift of 20 − 25 nm is observed. This

blueshift is nearly constant over the time period 100− 200 ns delay. After ∼ 225 ns

delay, heavier carbon atoms and ions begin arriving at the laser axis, indicated by

a sudden increase in the magnitude of the blueshift, which increases with delay as

more carbon ions reach the laser axis. By 400 ns delay, nearly all the light has been

blueshifted beyond the blue edge of the initial laser spectrum, followed by a slow

decay as recombination takes place at the capillary walls (which we estimate should

occur over nanosecond timescales). At low power, ≤ 2 TW , strong blueshift was not

observed, and the guiding window was much wider- out to 400 ns delay. At high

power, ≥ 30 TW , strong blueshift was observed at earlier delay, as well as significant

spectral broadening and modulation. The guiding window shrank to only include

delay ≤ 250 ns.

5.5 Conclusions

The spectral dependence upon laser power suggests that the blueshift is most likely

a result of rapid ionization of the gas during the main laser pulse [55], where field

ionization causes a change in refractive index which advances at nearly the laser group

velocity. The blueshift was much stronger than redshift, as would be expected for a

density which is rapidly increasing in time. This increase is due to field ionization of

the low-charge state carbon ions in the polyethylene capillary plasma. The intensity

of the triggering Nd:YAG pulse is 1010 W
cm2 which is too low to ionize hydrogen or

carbon atoms, but the flux (∼ 500 J
cm2 ) damages the capillary material. The electrical

discharge ensues and any initial ionization is due to this discharge. The discharge

has similar parameters to pulsed arc discharge plasmas, which typically have plasmas

temperatures up to several eV. In the case of our discharge, radiative heat transfer

is halted at the walls of the capillary. Consequently plasma at this temperature will

have very few ions with charge states above the first ionization stage. In contrast, the
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Figure 5.7:
The laser is unaffected until plasma has expanded to fill capillary. The
vertical axis is integrated count of laser light in the spectral window higher
in frequency than the blue edge of the laser spectrum in vacuum, normal-
ized to the total integrated counts over the entire spectrum. The timing
window for guiding is approximately between the green bars. All single
shots are from a single experiment at 8 TW . Vertical error bars enclose
one standard deviation of all shots with identical parameters taken over
many experimental runs. A trace of the discharge current is overlaid.
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Figure 5.8:
Optical spectra (individually normalized) of transmitted laser light in
vacuum and with discharge at various delays and laser powers. At short
delay, blueshift is weak and insensitive to delay. At larger delay, carbon
ions from the wall have reached the laser axis, leading to strong ionization
blueshift with shift proportional to delay. For higher power, blueshift is
more prevalent.
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arrival of the 35 TW pulse with intensity ∼ 5x1018 W
cm2 is able to ionize carbon fully

and oxygen six times (if there is any water contamination absorbed in the capillary

wall), (estimated using the barrier-suppression ionization approximation), causing

large amounts of blueshift:

∆λ

λ3
= − L

2c

∂

∂t

ne(t)

nc
(5.4)

where ∆λ is the shift in wavelength, L is the interaction length, ne is the electron

density and nc is the critical density. Thus, blueshift is an indication of rapid field

ionization, which will be most prevalent on the laser axis where intensity is high-

est. The overall blueshift will increase linearly with the number of electrons freed

by ionization so that full ionization of carbon will result in a 6x shift compared to

ionization of hydrogen at the same atomic density. In reality, the situation is more

complicated than a uniform shift, where considerations must include broadening due

to self phase modulation over the long guided region, spatial extent of the pulse, and

interaction of the pulse with the wakefield [59, 162, 163]. Modulation of the spectrum

occurs due to interaction of the pulse with wakefield density perturbations and can

be substantial for pulses which are much longer than the plasma wavelength. For

our short pulse case, however, the multiple spectral peaks may be due to different

ionization states being reached at different spatial regions around the pulse. Indeed,

by inspection of the spectra, the blueshifted peak has greatest shift on axis and lesser

shift in the spatial wings (curves in Fig. 5.8 are integrated in the spatial axis). A

redshift shoulder is also observed in some shots, but with two orders of magnitude

lower fluence. The dominance of blueshift over redshift suggests our shift is due to

ionization rather than photon acceleration via pulse/wakefield interaction. Because

refractive guiding requires a minimum density on axis, strong field ionization on axis

can degrade or even prevent guiding (known as “ionization-induced defocusing”).

The parabolic densities measured by laser-induced spectroscopy do not take this

into account, as no high intensity pulse was present. This may account for the in-
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creased difficulty of achieving guiding at higher powers. As shown in Fig. 5.6, shots

that were best guided were those that had the least amount of blueshifted light. This

indicates that in addition to proper alignment of the capillary and appropriate tim-

ing of the discharge, field ionization plays an important role in the quality of guiding.

There exists a limit on the intensity which can be guided through the discharge at

hand. In other words, a pulse of certain energy should not be focused below a waist

radius at which the intensity is enough for the ionization to be significant throughout

the capillary length.

In these experiments no accelerated electrons were observed from the interaction of

the laser pulse with the waveguide plasma at 35 TW , though electrons were observed

in Ref. [154]. This is likely due to the density being below that required for wave-

breaking and self-injection at this power (Ref. [154] used 3.8 J whereas we define

35 TW as 1.67 J total on target in 30 fs). Alternatively, electrons may be produced

but with charge less than our detection level. Ref. [154] reports charge ∼ 10s of fC

per shot, whereas our detection limit is estimated at 300 fC.

The quality of guiding at 35 TW was observed to be good. Parameters of the

guided spot suggest that after 3 cm of propagation, the laser intensity drops only

by an order of magnitude (although the transmitted pulse duration is unknown).

If carbon is fully ionized by the 35 TW pulse as predicted by barrier suppression

ionization, the effects of field ionization may be no worse at several hundred TW.

Additionally, self-focusing may contribute to self-propagation more at higher powers.

While it is clear that field ionization is correlated to degradation of the observed

guiding, the presence or absence of blueshift can be unpredictable. Strong blueshift

is occasionally observed at earlier delay than anticipated, especially at high power, and

reproducibility of guiding is ∼ 50% even when all discharge parameters are optimized.

This is most likely due to laser pointing fluctuations of up to 30 µrad and/or laser

energy shot-to-shot fluctuations of up to ±10%. Laser energy fluctuations will affect
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the strength of ionization blueshift. A 30 µm radial shift in the laser focal position

is a significant fraction of the size of the guiding channel, as seen in Fig. 5.3, which

could explain the low reproducibility of guiding. Guiding was observed to be sensitive

to alignment of the capillary within 20 µm. Pointing fluctuation will also affect the

delay at which the laser focus comes into contact with carbon ions, causing ionization

blueshift.

While using this low-charge-state ablative plasma adds an additional complication

compared to hydrogen-filled capillaries, it may also allow for a simple down-ramp ac-

celerator [164]. At the front of the capillary, field ionization will create a high electron

density plasma, allowing electron injection and as the laser is depleted fewer charge

states will be field ionized. This is not the case for hydrogen-filled capillaries, which

are nearly fully ionized upon arrival of the laser pulse. Both capillary designs allow

control of the density within the capillary, but control is typically more straightfor-

ward using hydrogen-filled capillaries by merely changing the neutral gas pressure.

Hydrogen-filled capillaries also offer longer lifetime however “revolver” style ablative

capillaries with many bores in a single bulk cylinder may increase the time between

capillary replacements. Such capillaries have been manufactured. Lifetime may also

increase significantly if every shot is well guided. The effects of ionization blueshift

are believed to have been observed in gas-filled capillaries as well with similar depen-

dence on delay [153]. In this case the amount of ablated wall material is presumably

much smaller than in ablative capillaries and ionization blueshift does not seem to be

detrimental to guiding. Field ionization of wall contaminant materials may even be

beneficial in gas-filled capilaries (Ch. VII so long as ionization defocusing does not

dominate. On shots up to 35 TW , electrons were not observed - i.e., there was no

wave-breaking or self-trapping. For the density estimate of 1− 3x1018 cm−3 this is to

be expected. In typical gas jet runs on HERCULES with 35 TW , the required thresh-

old density for self-trapping of detectable electrons is ∼ 9x1018cm−3 (peak density-
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no axial averaging). Increasing laser power to 300 TW will decrease this threshold

to ∼ 2x1018 based on past scaling on HERCULES. To surpass this density within

the capillary, the energy of the Nd:YAG laser used to trigger the discharge may be

increased (at the cost of decreasing the lifetime of the capillary). Increasing the

discharge current may also increase the charge state of the plasma, thus increasing

density, but may also decrease the lifetime of the capillary. Using a smaller bore cap-

illary will also increase density. Smaller bore capillaries (≤ 250 µm), in conjunction

with control of the spot size using adaptive optics, will allow use of the appropriate

density for injection while remaining close to the matched spot size.
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CHAPTER VI

Self-guiding in Gas Cells

6.1 Introduction

A gas cell is an enclosed reservoir filled with gas at relatively low pressure compared

to the backing pressures required for the supersonic gas jets described in Ch. IV.

The high pressures required for sufficiently high density from large-diameter gas jets

eventually become a limiting factor and so gas cells become interesting for studies

of LWFA with lengths > 1 cm. This advantage comes at the expense of the sharp

gas/vacuum interface introduce by supersonic jets. The gas within the cell must be

contained at the entrance by a pinhole.

Gas cells have already demonstrated LWFA of electrons up to ∼ 200 MeV [165].

It is worth noting that this paper also demonstrated exceptional stability in electron

spectrum, max energy, and beam pointing. Stability of these parameters has been

one of the major concerns with the use of gas cells instead of gas-filled capillaries.

Self-guiding has also been observed in long gas jets and cells extending up to 14 mm

[66].
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6.2 Experimental Setup

The experimental setup for this experiment is similar to the setup for gas jet

experiments. As shown in Fig. 6.1, the HERCULES beam is focused into the front

of the gas cell entrance. With minor adjustments, the setup can be switched between

f/10 and f/20 focusing using a 1 m or 2 m parabolic mirror, respectively. A partially

reflected beam (shown blue) probes the plasma transversely for interferometry or

shadowgraphy by blocking one arm of the interferometer.

The specially designed cell, shown in Fig. 6.2, allows exceptional control of the

density, and its multiple inputs allow tailored density profiles. The cell also has

windows on two opposing sides as well as the top, allowing for transverse probing

and top-scatter imaging. Because of the extra length available in gas cells, the most

interesting aspect of this experiment was studying the laser propagation over lengths

≥ 1 cm.

Figure 6.1:
Diagram of the experimental chamber as arranged for gas cell experi-
ments. The HERCULES beam is focused approximately one Rayleigh
range (100s of µm for all setups in this dissertation) into the front of the
gas cell entrance. With minor adjustments, the setup can be switched
between f/10 and f/20 focusing using a 1 m or 2 m parabolic mirror,
respectively. A partially reflected beam (blue) probes the plasma trans-
versely. Common diagnostics include an electron spectrometer, electron
profile monitor, transmitted light imaging and spectrometer, scattered
light imaging, and an x-ray CCD.
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Figure 3.4: Drawing of the helium static fill gas cell - (courtesy of B. Fell, CCLRC Ruther-
ford Appleton Laboratory.)

Discharge capillary

In this section, we will briefly describe the plasma production mechanism in the dis-

charge capillary waveguide of our experiment. The capillary was developed by S.

Hooker and coworkers in the Clarendon Laboratory, Oxford University and a de-

tailed description for the simulation and interferometric measurements of the capil-

laries manufactured can be found in [76, 107, 31, 74]. The capillary itself is formed

by micromachining two slabs of either alumina or sapphire [31] which are then ‘sand-

wiched’ to form an enclosure. The capillary is filled with gas - preferably hydrogen1.

The position of the gas inlet holes, figure 3.5a, determines the longitudinal plasma

density gradient from almost zero at the entrance to the maximum longitudinal value.

Hence it is speculated that it may eventually affect the laser pulse self-evolution and

the final injection of trapped electrons in the accelerating part of the ‘bubble’ struc-

ture. Apart from the spacing of the gas inlets, the other two parameters that can be

varied are the capillary length and the diameter of the laser entrance. A selection of

capillaries with various lengths and diameters was used in our experiment.

The discharge circuit voltage [31] was varied from 20 to 30 kV, with statistically

better electron acceleration results obtained with the 30 kV discharge. A high volt-

1The major difference in the two types of targets is that we are using helium with all the nozzles
and the cell and hydrogen with the capillary. The reason for using hydrogen is that as it is the
easiest to fully ionize gas, it reduces the power constraints in the discharge pulser. Safety issues
though make its use less desirable. For the uniform index of refraction experiments we used helium
as it is fully ionized by the laser itself without posing any explosion risk.
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Figure 6.2:
Diagram of the gas cell used in these experiments. The length of the cell
is adjusted manually by selecting one of various rear inserts while the
entrance position remains fixed. A 100 µm pinhole at the entrance con-
fined the gas. Drawing courtesy of Pete Brummit (Rutherford Appleton
Laboratory) and Stuart Mangles (Imperial College).
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To study laser propagation throughout the cell, a laser mode diagnostic was fielded

on this experiment. The exit of the capillary was capped with a 1” diameter, 100µm

thick transparent mylar window. The transmitted light propagated 87 cm where a

few percent of the light was reflected by an uncoated glass wedge at 45◦ incidence

and was then recollimated using a 1 m focal length lens. The light was filtered by one

order of magnitude before exiting the chamber through a fused silica window. The

light was reimaged using another 1 m focal length lens and a 10x microscope objective

and captured by a 12-bit CCD. The objective and CCD could be moved together on

a single translation stage, covering image planes between the laser focus and up to

32.9 mm behind focus. The stage position was correlated to image plane positions

by placing a 90-line per inch mesh at various depths into the gas cell and moving the

CCD translation stage until the sharpness of the mesh image was optimized. The

correlation was nearly 1:1 as the imaging system was made as close to 1:1 as possible.

6.3 Experimental Results

The primary data discussed in this section is the analysis of laser propagation

as a function of density for two different focusing geometries. Shown in Fig. 6.3

are inset 12-bit CCD images (a and b) of the laser focal spot in vacuum imaged at

focus and 6.6 mm behind focus, respectively. The focusing geometry was f/20. A

lineout through the peak is plotted in red. This lineout has a 22 ± 1 µm FWHM.

A Gaussian beam with a 21 µm FWHM is shown in solid black. Another Gaussian

is plotted with FWHM= 2w6.6 where w6.6 is the expected waist radius 6.6 mm away

from focus for a beam obeying Gaussian beam diffraction, w(z) = w0

√
1 + (z/zR)2

with w0 chosen to be 10.5 µm. Another lineout, shown in green, is taken in the vertical

direction from the laser mode (inset b) 6.6 mm behind focus in vacuum. Each curve

is normalized to its own peak and centered manually. This makes the data readily

visible. Transmission as a function of cell length will be discussed later in the text.
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Figs. 6.4, 6.5, & 6.7 are presented in this same manner, but with at least one lineout

taken with plasma rather than vacuum.
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Figure 6.3:
Image from the vacuum laser focal spot from f/20 focusing geometry
(lower) and lineout (red), a Gaussian with the same FWHM (black solid),
the expected Gaussian 6.6 mm behind focus (black dashed), and the
vacuum laser spot imaged 6.6 mm behind focus (green and upper image).
Each curve is individually normalized and centered.

6.3.1 Beam Filamentation

As discussed in Sec. 2.2.3, self-focusing can result in beam filamentation as mul-

tiple regions across the face of the laser profile self-focus to multiple spots. Fila-

mentation was observed over a large portion of the experimental parameter space

investigated (30-100 TW , 1018 < ne < 1.5x1019). The maximum peak intensity in

these experiments was 2 × 1019 W/cm2 at a peak power of 83 TW . Particularly,

filamentation became more severe as density was increased and was worse for f/20

focusing than for f/10. Note that for this setup, the plasma acts as a thick lens in
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the imaging system. Therefore, mode images taken through plasma, where in vacuum

object plane is in front of the cell exit, have uncertainty in the true object position.

When the object plane is set to 6.6 mm behind the focus in vacuum, a shot with gas

shows evidence of filamentation in the laser mode. With the vacuum object plane

located 32.9 mm behind focus (Fig. 6.5)(still within the plasma), filamentation has

fully developed, with filaments approximately the same size as the vacuum focal spot.

Images of the mode with vacuum object plane at 32.9 mm are shown in the top row

of Fig. 6.6. As P/Pcrit is increased (density was increased intentionally and laser

power fluctuated ± 5%), filaments developed with tighter dimension and increasing

number.
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Figure 6.4:
Transmitted laser spot (f/20) lineout with image plane initially set (in
vacuum) 6.6 mm behind focus (green) as well as the reference curves
described previously. Each curve is individually normalized and centered.
Note the shape has flattened out and begins to show signs of filamentation.
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Figure 6.5:
Transmitted laser spot (f/20) lineout with image plane initially set (in
vacuum) 32.8 mm behind focus (green) as well as the reference curves
described previously. Each curve is individually normalized and centered.
Note the severe filamentation with spatial period approximately equal to
the vacuum focal spot size.

Figure 6.6:
Laser profiles imaged within the plasma. Top row f/20 focusing with
initial image plane 32.8 mm behind focus. Bottom row f/10 focusing
with initial image plane 10.5 mm behind focus.
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6.3.2 Channeling

While few laser modes were well guided using the f/20 focusing geometry, several

modes using f/10 geometry were guided over at least 6.6 mm, especially in the density

range 4.0 × 1018cm−2 ≤ n ≤ 6.0 × 1018cm−2 (8 ≤ P/Pcrit ≤ 12). The vacuum focal

spot in this geometry was 12 µm as shown in Fig. 6.7. The maximum peak intensity

in these experiments was 9 × 1019 W/cm2 at a peak power of 88 TW . Guiding is

demonstrated all the way to the end of the 19 mm cell. For this shot, the exit guided

mode includes two spots, each with ∼ 2% of the total energy within 9 µm of its

peak, and each with peak fluence 0.5% of the vacuum peak fluence at focus, in spite

of the estimated 12% transmission, which will be discussed later in this section. By

comparison, a Gaussian beam would be expected to diffract in vacuum to 5.6× 10−5

times the vacuum peak fluence at focus.

The transverse probe was used to produce shadowgrams of the interaction. Evi-

dence of the filamentation and guiding observed in laser mode imaging can be seen in

the shadowgrams. At high density, multiple filament streaks can be seen and these

streaks disappear after just a few mm of propagation. At lower density, however, the

streaks become a single channel feature which extends over the entire length of the

field of view.

When the transverse probe was used for interferometry, the plasma can be seen.

The plasma showed similar behavior to the filament features- the plasma existed over

the entire length of the field of view at low density but existed over a short length at

high density.

Transmitted laser spectra were taken using the same imaging system as the laser

mode imaging diagnostic, though the image plane position was fixed. Spectra are

integrated in the spatial axis over the inital width of the vacuum spot. The slit FWHM

size corresponds to 5 pixels, or 1 nm. Fig. 6.10 displays transmitted spectra for

several densities, starting with ne =3.5x1018 cm−3 which was below the threshold for
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Figure 6.7:
Images and lineouts of transmitted laser spots in f/10 focusing geometry
at focus (left image, blue curve), 10.5 mm behind focus (middle image,
red curve), and at the exit plane, 19.0 mm behind focus (right image,
green curve), as well as the reference curves described previously. Each
curve is individually normalized and centered.
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Figure 6.8:
Transverse shadowgrams can indicate filamentation and rapid laser de-
pletion (a, c, f, g) at high density or a single (presumably well-guiding)
channel (b, d, e) at low density.
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Figure 6.9:
Laser transmission as a function of plasma density. Laser mode image is
integrated and normalized to incident laser power.
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injection (ne = 4x1018 cm−3), up to ne =5.4x1018 cm−3. Each curve was normalized to

its own peak avoiding obfuscation from the transmission as a function of density. This

highlights changes in the shape of the spectra with density. The vacuum spectrum is

shown in black, as are spectra taken at increasing densities from red to blue. Much of

the laser energy remains within the original bandwidth, however an additional blue-

shifted peak develops as well as bluer wings which diminish with increasing density.

Strong red wings also develop and grow with increasing density.

Fig. 6.11 presents data in the same manner but taken with a gas mixture contain-

ing 2.5% (by pressure) nitrogen in helium. Note that in this case, both the blue peak

and blue wings grow with increasing density which is the opposite of the case in Fig.

6.10. The red wings however display a similar relation to density as the pure helium

case. This is the same behavior as in Fig. 5.8 from the ablative capillary experiment

in which case the enhanced blue shift resulted from an increasing presence of ionize-

able ablated wall material reaching the laser axis at later time. The enhancement in

blue is due to a greater rate of ionization as discussed in Sec. 2.2.3.

Due to spatial constraints, the laser transmission diagnostics and electron spec-

trometer diagnostics could not be fielded on the same shot. All electron spectra

obtained during the experiment demonstrated high energy spread. The reason this

occurs can be understood by considering the dephasing length. For ne = 4x1018 cm−3,

the dephasing length is 12 mm and the depletion length is 24 mm. Thus, acceler-

ation in the 19 mm cell was affected by dephasing and the 48 mm cell acceleration

was limited by laser energy depletion and also affected by dephasing. The result of

interaction length � Ldephas is electron energy broadening as electrons begin being

decelerated in the front half of the bubble potential. The maximum energy observed

with gas cells was E = 436 ± 24 MeV with energy spread ∆E = 95 MeV . This shot

was taken with 113 TW at a density 4.4x1018 cm−3.

The effect of gas mixtures used in the gas cell on the electron beam properties
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Figure 6.10:
Transmitted laser spectra for shots taken at various pressures of pure
helium.
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Figure 6.11:
Transmitted laser spectra for shots taken at various pressures of nitro-
gen/helium (2.5%) mixture.
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(higher charge, smooth beams) will be discussed in Sec. 7.4.
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Figure 6.12:
An electron spectrum taken with the 48 mm gas cell and P = 113 TW
at a density 4.4x1018 cm−3.

6.4 Conclusions

Self-guiding in these cells could not match the quality of guiding achieved in the

ablative capillaries. The failure to consistently guide in f/20 focusing geometry may

be understood by considering guiding to be a balance between diffraction and self-

focusing. In the f/20 case, diffraction is weaker than in the f/10 case, allowing

self-focusing and filamentation to dominate for nearly all cases where P/Pcrit > 1.

Furthermore, self-guiding required the additional constraint that 8 ≤ P/Pcrit ≤ 12

as guiding was inconsistent below this range and multiple filaments formed above

this range. The inconsistency at low range is most likely due to the requirement

that P > Pcrit throughout the entire length of the cell and the laser pulse loses

energy through depletion. However, the degree of self-guiding observed is remarkable

and unexpected for such a short pulse. This range of acceptable P/Pcrit fortunately

mandates a density which coincides with the density threshold for injection for the

parameters of this experiment. This density range is optimum for producing high
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energy monoenergetic beams. This means that if the density threshold falls at least

as quickly as 1/P , LWFAs will be able to operate with the same P/Pcrit range which

was self-guided in this study.

This study also highlights the importance of matching the accelerator length to

the anticipated limiting length. The 19 mm cell was dephasing limited as anticipated

and demonstrated in the electron spectra. The length over which the power falls

below Pcrit may have been the true limiting length in this experiment (similar, but

not the same as the depletion length). The electron energy scaling in Ref. [81] predicts

an energy of 658 MeV for the conditions at which we observed the highest energy,

436 MeV . The scaling assumes infinite guiding length, which suggests the imperfect

guiding allowed the wakefield strength to diminish before Ldephas had been reached.

An increase in power and decrease in density as discussed in the previous paragraph

would drastically increase this scale length, due to higher pulse energy and higher

transmission. These effects would predict that higher power lasers, such as the Texas

Petawatt [166] may expect electron energy to scale with laser power. This laser will

deliver 10× the power of HERCULES. If the focal spot can be chosen appropriately

and produced with high enough quality the Texas Petawatt should be able to operate

with nearly matched wakefield conditions and P/Pcrit within the optimal range for

self-guiding presented here.
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CHAPTER VII

Ionization-induced Injection

7.1 Introduction

It has been shown experimentally that electrons born by field ionization by a

high intensity laser can gain energy in excess of the ionization potential [48, 167]. In

Ref. [168], Laser Wakefield Acceleration was proposed as a scheme using a second

high intensity “injector” laser to field ionize electrons within the wake to initiate

trapping. The electrons born by ionization receive a great deal of energy from the

ponderomotive force, allowing easier trapping. This mechanism was investigated

experimentally as described in this chapter. Recently, the method was expanded upon

considering the additional imparted energy from above threshold ionization from a

circularly polarized injector pulse [169]. A related ionization trapping mechanism

was demonstrated in electron beam driven plasma wave accelerator experiments at

the Stanford Linear Accelerator Center (SLAC) [170]. Ionization induced trapping

was also inferred in experiments on laser wakefield acceleration in a capillary due to

relatively high Z ions from the walls migrating to the laser axis [153]. Creation of

free electrons by ionization, initially at rest within the electron cavity, can initiate

trapping because these electrons experience additional energy gain due to the net

potential difference between the edge of the bubble and its interior. Additionally,

electrons may be born within a higher laser field than could be reached by preionized
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electrons, causing additional momentum transfer from the ponderomotive force and

the laser fields themselves. This translates to a lowered trapping threshold, and is

maximized if the electrons are initiated at the minimum of the potential.

This chapter presents the findings in [171] which were conducted with up to 30 TW

in the spring of 2009 as well as subsequent findings at 100 TW in the spring of 2010.

The initial publication was concurrent with similar findings in Ref. [172]. Figs.

7.2, 7.3, 7.4, and 7.9 reprinted with permission from [171]. Copyright 2010 by the

American Physical Society.

7.2 Experimental Setup

Presented here is the first experimental demonstration of electron trapping ini-

tiated by ionization in a laser wakefield accelerator. We show that this mechanism

increases the trapped charge by up to an order of magnitude and decreases the emit-

tance of the electron beam generated. A range of noble gases, and nitrogen, is sys-

tematically added as a small percentage to helium gas. It is determined that optical

field ionization of inner shell electrons of the higher Z gas plays an important role in

moderating the trapped charge. Although there is a small increase in electron num-

ber density due to the higher Z gas additive, it is shown to be insufficient to account

for the increase in charge in the trapped bunch. In addition, the behavior of the

trapping is consistent with the field-ionization thresholds for the various gas species

added to the helium. Improvements in beam charge and emittance are important

for applications such as x-ray generation through inverse Compton scattering, or free

electron lasers, as well as x-ray generation by oscillation in a plasma based wiggler.

By using a gas mixture, lower power laser systems can be used to generate higher

charge, higher energy, and decreased emittance monoenergetic electron beams than

can be produced using a fully pre-ionized plasma.

In these experiments, pulses from the Hercules laser system [121] at the Uni-
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versity of Michigan (30 fs, 800 nm Ti:sapphire) were focused using an f/10 off-axis

parabolic mirror onto the edge of gas flow from a 3 mm diameter conical super-

sonic nozzle. The laser wavefront was corrected with a deformable mirror, yielding

a focused spot of 10 µm full-width-half-maximum (FWHM). The experiments were

conducted using a laser peak power ranging from 24−120 TW on target. The focused

peak intensity was I = 3.5 × 1019 Wcm−2 at 30 TW and I = 1.5 × 1020 Wcm−2 at

120 TW. Diagnostics in the forward direction included an electron spectrometer (0.8 T

permanent magnet, Lanex phosphor screen, and CCD camera) with electron energy

detection range of 47 − 800 MeV , transmitted laser mode imaging, and transmit-

ted laser spectrum. A transverse probe beam was used for transverse interferometry.

Sidescattered light from the plasma was split with a wedge and sent to an imaging

CCD as well as a spectrometer with 260 nm spectral window centered around the

laser wavelength. Gas was pulsed from a solenoid valve (5 ms opening time) through

the gas nozzle. Gases added to the helium target included air, nitrogen, neon, argon,

krypton, and xenon.

To ensure a homogeneous mixture, the gases were agitated in a 2.5 l steel vessel.

The vessel and all gas lines were evacuated before introducing any gases. Care was

taken to eliminate leaks in the lines. In order to accurately produce low additive to

helium ratio mixtures, the gas additive was introduced using a low pressure regula-

tor (typically < 4 atm) first, and subsequently helium was added at high pressure

(67 atm) from an isolated supply. A third regulator was installed on the output of the

mixing vessel, maintaining constant pressure for many tens of shots with the same

gas mixture. Before a typical experimental run, air contaminant can be introduced

into the gas as a result of changing regulators or gas bottles. However for these exper-

iments many gases were installed on a manifold so that air would not be introduced

when changing gases. A density scan was conducted with each gas mixture ratio for

a number of different ratios of additive to helium, between 0:1 and 5:95 by partial
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pressure. The gas mixture ratios are defined by the absolute pressure of the gas ad-

ditive relative to the absolute pressure of helium. Electron plasma densities in the

range 5× 1018 − 3× 1019 cm−3 were investigated.

7.3 Experimental Results at 30 TW

7.3.1 Plasma Density Measurement

Electron number density was monitored via both transverse interferometry and

Raman-shifted side-scattered light. For each 1% increase in additive mixture of a gas

with n electrons which can be ionized the electron density will increase by (n− 2)%

relative to helium gas at the same pressure. Electron densities quoted in this paper

are calculated according to the above discussion, as some interferometry images were

blinded by sidescattered light particularly when laser power was > 100 TW. In these

instances Raman-shifted scattered light provided a secondary measurement of electron

density. Both measurements were shown to agree with the calculated electron density

within the uncertainties of the gas pressures as shown in Fig. 7.1.

7.3.2 Beam Charge

Certain gas mixtures significantly improved the probability of injecting electrons

and also increased the amount of charge in the electron beam relative to pure helium.

However, it is important to accurately diagnose the exact electron number density

in the interaction with the higher Z additive. Strong sidescatter was always emitted

only throughout the first 400 − 500 µm (approximately one Rayleigh range) of the

plasma. With higher power shots (> 100 TW) sidescatter was emitted further into

the plasma. The wavelength of the scattered light was observed to be shifted to

the red of the initial laser wavelength, λ0, according to (∆λ/λs)
2 ∝ ne, where ne is

electron number density, λs is the redshifted wavelength and ∆λ is λs − λ0.
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Figure 7.1:
Comparison of electron densities as measured by interferometry and Ra-
man side-scatter to a calculation of the expected density. Gas pressure is
held fixed but the ratio of nitrogen in the gas mixture is varied.

The effect of gas additives on beam charge is shown in Fig. 7.2. In shots using

30 TW laser power, a nitrogen additive consistently led to an increase in the total

integrated charge of almost an order of magnitude compared to a pure He target

with equal electron density, Fig. 7.2a. For example, the first data point on the series

labeled He + N2 in Fig. 7.2a includes data from shots at 30 TW containing 1.2% N2

and 98.8% He by pressure at a total pressure of 150 PSIg. For these parameters, a

beam with 30 pC was produced, whereas shots on pure He at 175 PSIg produced

only beams with charge at or below detection level. Using a slightly lower power of

24 TW , argon also showed a substantial charge increase, Fig. 7.2b. Neon and other

higher Z gas additives consistently decreased the beam charge in all cases at 30 TW ,

Fig. 7.2c. At 120 TW , using neon, an improvement in the mean trapped charge

compared with helium was recorded, Fig. 7.2d. More interestingly, this behavior was

significantly different from the 30 TW case, Fig. 7.2c.

Adding too much higher Z gas, of any species, was also found to be detrimental to

electron injection, also due to ionization defocusing (for example, Fig. 7.2b, far right).
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Figure 7.2:
Integrated charge above 30 MeV measured by the electron spectrometer
as a function of electron number density. The values represent an average
of 5-20 shots for which electron signal is clearly above background. For gas
mixtures the electron density increase is due to a change in the proportion
of additive to helium while the total gas jet backing pressure is held fixed;
for pure helium the electron density increase is due to an increase in
backing pressure of pure helium gas. The experiments were performed
with a laser power of (a) 30 TW , (b) 24 TW , (c) 30 TW and (d) 120 TW
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Xenon has four states which are ionized at lower intensity than neutral helium. The

balance of ionization seeded injection and ionization defocusing creates a window of

gas additive mixture ratios over which electron injection is enhanced. The mixing

chamber apparatus allowed for systematic control necessary for this study. However,

by merely exposing the gas lines to a small quantity of air before filling with helium,

results similar to the nitrogen additive run were achieved.

7.3.3 Electron Spectra and Profiles

Typical electron spectra obtained on the experiment are shown in Fig. 7.3. Panel

(a) shows typical He and He+N2 spectra superimposed, to demonstrate that the

increase in charge is not at the expense of mean energy, for otherwise identical condi-

tions. Figs. 7.3b and c show electron spectra obtained with argon and neon additive

respectively, which are clearly quasimonoenergetic. The mean energy of the electron

beams produced by ionization trapping was measured to be the same, within sta-

tistical error, as from those produced by self-trapping in helium only. This is to be

expected, as ionization should not significantly modify the bubble structure due to

the bulk of electrons being pre-ionized in all cases studied.

The beam divergence was measured by imaging a Lanex screen placed 1 m behind

the target with the magnet removed. Typical profiles are shown in Fig. 7.4. The

mean divergence in the vertical direction was 5.1 ± 1.0 mrad, averaged over 5 shots

for the case of pure helium and 2.9 ± 0.8 mrad averaged over 8 shots for He + 1%

Ar. The integrated charge from the shots with Ar additive was, on average, twice

that of shots with pure He. There is also a clear qualitative difference between the

profiles in the two cases. Although not a measure of the transverse emittance of the

beam, it can be inferred that the increased collimation of the beam corresponds to

an improved emittance, if a comparable source size is assumed.
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Figure 7.3:
a) Electron spectrum from a 30 TW shot with a target of pure helium
(grey) is enhanced greatly by a mere 1% N2 additive (solid black), while
the charge-weighted average energy remains the same. Note in this par-
ticular graph the scale is logarithmic. The beam can be reasonably mo-
noenergetic at an appropriate density for both the pure He and N2 cases.
b) Monoenergetic spectrum from a 24 TW shot with 1% Ar additive. c)
Spectrum from a 120 TW shot with 1% Ne additive. d) Spectrum from
particle-in-cell simulation of 30 TW shot with a target of He + 5% N2.
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7.4 Experimental Results at 100 TW

7.4.1 Electron Spectra

In 10 mm gas jet experiments at 100 TW , the effect of ionization on electron beam

generation was observed. The gas mixture used in all shots during this experiment

was Pnitrogen/Phelium+nitrogen = 2.5%, which was the optimal mixture found from

the 30 TW experiments. As in the 30 TW case, nitrogen additive increased the

average electron beam charge as compared to pure helium at the same electron density.

Additional trends in the data can be observed in Fig. 7.5 which shows data from six

characteristic shots:

• The injection threshold density is lower for gas mixtures by as much as 50%.

• Beam divergence is density dependent, with high divergence sprays of electrons

seen with high density gas mixing targets and low divergence beams seen at low

density. The high divergence observed at high density with gas mixing causes

smearing (uncertainty) in the energy dimension.

• Fine structures observed from pure helium shots are absent when gas mixing

targets are used. Instead the beams from a gas mixture targets typically appear

smooth. This smoothing occurs even for shots with electron density above

the threshold for injection in pure helium targets, suggesting that electrons

born from ionization of high charge states become trapped, taking the place of

electrons that would have been trapped by conventional self-injection.

• Electron spectra from gas mixing targets are typically broad, though monoen-

ergetic spectra have been observed on shots taken near the injection threshold.

Recall that the characteristic high divergence spray at high density obfuscates

the detection of monoenergetic beams.
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In 4.8 mm gas cell experiments at 100 TW , the average beam charge from gas

mixture targets was greater than that for pure helium targets at the same electron

density by as much as a factor of 4. Fig. 7.6 shows the gamma ray signal detected by

a scintillator for 428 shots at various experimental parameters including both pure

helium and gas mixing targets. The gamma ray signal is an indirect indicator of high

energy electrons, where the signal is presumed to increase with increasing charge of

electrons with enough energy to generate penetrating bremsstrahlung radiation. This

plot recapitulates the decreased injection threshold density from ionization induced

injection found in the electron spectrometer data.

7.4.2 Effect on Betatron Radiation

Betatron radiation was measured using the Andor CCD [141]. The betatron total

energy flux was generally higher when gas mixing was used as compared with pure

helium targets at the same density taken with a 10 mm gas jet (Fig. 7.7). No clear

conclusion about the betatron flux can be drawn from the smaller dataset taken with a

19 mm gas cell (Fig. 7.8). Select shots were also recorded in single hit regime allowing

the spectrum to be measured. Spectra, including shots taken with gas mixing, were

presented in Fig. 4.11. However, no clear distinctions can be made between the

betatron spectra taken with and without gas mixing due to the limited dataset which

can be considered to be in the single-hit regime.

7.5 Computational Modeling

To analyze the effect of the ionization dynamics on trapping mechanisms and

acceleration of trapped electrons, the two dimensional particle-in-cell code PICNIC

was used. The computations were performed and analyzed by V. Yu. Bychenkov, I.

V. Glazyrin and A. V. Karpeev. In the code, field ionization is accounted for using

the Ammosov-Delone-Krainov model [47]. The energy loss to ionization of atoms
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from the fields is accounted for in Maxwell’s equations through an energy balance

expression. All electrons are tagged based on the ionization state from which they

originate. In a typical run, the spatial grid has 16 cells per laser wavelength, and

20-30 macroparticles per cell.

Numerical calculations were performed for conditions similar to those of the 30 TW

experiment, in a gas density of 1019 cm−3. Computational runs were performed

for: i) a fully ionized helium plasma; ii) helium gas including field ionization; iii)

a mixture of 95% helium and 5% nitrogen, including field ionization. There are no

significant differences between cases 1 and 2, since helium is expected to be fully

ionized at approximately 1016 Wcm−2. For case iii) it was found that the spectrum

includes a high-energy electron bunch which has a peak around 120 MeV after 500 µm

propagation, Fig. 7.3d. This bunch originates from field ionization of N5+ and N6+

ions. Fig. 7.9 shows the spatial distribution of electrons near the bubble at t = 1.0 ps.

In this simulation, these electrons appear through ionization of N5+ and N6+, which

are ionized primarily in the proximity of the peak of the laser pulse. However, of

the electrons from these ionization states, the ones which eventually become trapped

all originate slightly off-axis. They then flow into the acceleration region off-axis, as

shown by arrows in Fig. 7.9. Acceleration terminates at 1.5 ps. The total electron

beam charge in the case of pure He is 0.57 nC, and 0.83 nC in the case of He+N2,

in which the electron charge due to He is 0.47 nC. From the He plasma the number

of high-energy electrons (with energy > 100 MeV) was two orders of magnitude less

than from He+N2 plasma.

At 1.0 ps, the bubble is elongated, as seen in Fig. 7.9. Electrons from helium

move along the bubble periphery and reach the region of accelerating field located

near axis, at a distance of (50-55) λ0 from the laser pulse,with typical trajectories

shown by arrows (i) in Fig. 7.9. Electrons produced via field ionization of nitrogen

from neutral gas up to N4+ move in a similar manner as these states are ionized early
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in the pulse. However, electrons from ionization of N5+ and N6+ behave differently,

with typical trajectory indicated by arrow (ii) in Fig. 7.9. They are born in the region

of strong focusing magnetic field and result in a jet with large current density (more

than 10 times the current density of electrons from helium). It was also found in

the simulation that the addition of nitrogen improved the collimation of the electron

beam by approximately a factor of 2 which agrees with the experimental results.

7.6 Conclusions

These results can be understood by consideration of the optical field ionization

thresholds for the different species [54]. Both nitrogen and argon have a number

of L-shell or M -shell electrons with a field ionization intensity threshold of IBS <

1017 Wcm−2, and can be considered pre-ionized before the formation of the bubble.

However, the K-shell electrons for nitrogen have a threshold intensity for ion-

ization of IBS ≈ 1019 Wcm−2, and so the majority of these electrons will be freed

near the peak of the pulse. Likewise, the L-shell of argon has eight electrons with

ionization threshold intensities ranging from 1018 . IBS . 1019 Wcm−2, and so a pro-

portion of the electrons are expected to be freed near the peak of the pulse. Xenon

and krypton have large numbers of outer shell electrons at low ionization thresh-

olds that presumably cause ionization defocusing of the pulse and prevent stable

wakefield formation, which could be observed in interferometry images. Krypton

has almost double the number of electrons as argon below an ionization thresh-

old of IBS < 1018 Wcm−2. Neon has an L-shell which is fully ionized below an

ionization threshold of IBS < 1017 Wcm−2, but its K-shell is ionized at close to

IBS ≈ 1020 Wcm−2, which is significantly higher than the peak intensity of the laser

at 30 TW. This explains the different behavior of neon additive at 120 TW vs. 30 TW .

For the case a < 1 where a is the normalized vector potential the bubble electric field

is very small and for a > 1 the peak bubble field scales like (λ0/λp) ∗ EL where λp is
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the plasma wavelength and EL is the peak laser field, and so is likely 20 or 30 times

less than EL in our experiments. The intensity and species dependent increase in

charge is a strong indication of an ionization trapping mechanism with ionization by

the laser field.

In conclusion, ionization induced trapping in a laser driven wakefield accelera-

tor has been systematically investigated by exploring the parameter space of atomic

number and impurity concentration. The addition of a higher Z additive has been

shown to increase the trapped charge and lower the transverse emittance of the gen-

erated electron beam as compared to pure helium at the same electron density. This

should be a useful trapping mechanism for efficiently producing electron beams where

stringent constraints on the beam emittance and charge are required such as x-ray

production in a plasma or conventional wiggler, as well as to control the injection

mechanism. Ionization injection has also recently been used in LWFA experiments

with up to 200 TW laser power resulting in the highest electron energy to date [98],

and further computational analysis has been conducted [66].
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Figure 7.4:
Electron beam profiles measured on a Lanex screen 1 m from the target.
The top four images, (a), are from shots with pure helium and the bottom
four, (b), are from shots with a 1% argon additive, both at equal electron
number density ne = 2 × 1019 cm−3. Note the difference in color scale,
which represents electron signal [arb] per pixel.

Pure helium Helium + 2.5% nitrogen

1.1x1019 cm-3

1.0x1019 cm-3

0.8x1019 cm-3

0.6x1019 cm-3

389 pC

423 pC

420 pC

785 pC

643 pC

194 pC

Figure 7.5:
Example electron spectra demonstrating key effects of ionization injection
including increased charge, decreased injection density threshold, beam
smoothing, and density-dependent divergence. The horizontal dimension
indicates energy with white vertical bars marking 100, 200, 300, 400, and
500 MeV from right to left. The vertical dimension indicates transverse
divergence, where the red bar shows 10 mrad.
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Figure 7.6:
Gamma emission with and without gas mixing as a function of density
as detected by a scintilator 2.5 m from the interaction with 8′′ of lead
shielding. Data were arranged into bins based on density, where the range
of each bin is indicated by horizontal error bars. The data points show
the average gamma signal for shots in each bin with vertical error bars
spanning one standard deviation of the shots in each bin. The detector
saturates at 4.4 V . Electrons were detected on 104 out of 110 shots for
which the gamma signal was above 4.000 V .
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Figure 7.7:
X-ray emission integrated flux with and without gas mixing as a function
of density as detected by an Andor CCD 2.79 m from the entrance of a
10 mm gas jet. Data points show the flux averaged over 2-12 shots at the
same density. Vertical error bars enclose one standard deviation of those
shots.
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Figure 7.8:
X-ray emission integrated flux with and without gas mixing (single shots)
as a function of density as detected by an Andor CCD 1.5 m behind the
entrance of a 19 mm gas cell
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Figure 7.9:
Electrons from ionization of (a) He andN throughN4+, (b)N5+ andN6+.
Color represents the longitudinal normalized momentum of the electrons.
The spatial coordinates are in units of λ0. The arrows are a schematic
representation of electron trajectories taken from the time series data, (i)
He and N through N4+, (ii) N5+ and N6+.
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CHAPTER VIII

Summary of Sources and Conclusions

8.1 Discussion

The experimental conditions and electron beam parameters found during the ex-

periments within this thesis are summarized in Table 8.1.

At lower density, laser depletion and dephasing limitations can be extended. Al-

ternative injection methods such as ionization injection, colliding pulses, and plasma

density manipulation can lower the density threshold for injection by perhaps 50%.

If laser power is increased and the resulting lowering of the injection density scales at

10 mm jet 19 mm cell 30 mm capill.

Laser power [TW ] 128 113 35
Guided length [mm] unknown 19 30
Injection threshold ne [1018 cm−3] 5.1* 4.0* N/A
Electron Emax [MeV ] > 550± 50 436± 28 N/A
Monoenergetic electron Emax [MeV ] 410 275 N/A
Minimum ∆E/E [%] 5.1 6.6 N/A
Maximum Charge [pC] 966* unknown* N/A
Divergence [mrad] 3.5 1.7 N/A

Table 8.1:
Summary of parameters achieved during campaigns described in this the-
sis. *Achieved with ionization injection
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least as 1/P , these limitations can be partially mitigated. Additionally, the parame-

ter P/Pcrit can be held the same as in the case of the self guiding presented here. In

order to remain consistent with requirements for the bubble regime, these lasers will

need to be longer in duration. In fact, it may be preferred to use bandwidth limited

pulses with duration > 300 fs rather than stretching shorter laser pulses because

the stretched pulses can self-compress and steepen more, making self-guiding more

difficult.

These experiments were setup mostly in f/10 focusing geometry, which allows for

a higher intensity than f/20 but slightly mismatched conditions for acceleration in the

bubble regime. At 200 TW , operation in f/20 geometry should allow injection at the

density required for exactly matched conditions resulting in less laser loss and higher

electron energy gain. The anticipated energy gain of these experimental parameters

is 1.1 GeV according to the “bubble” scaling [81]

∆E ∼=
2

3
mc2

(
nc
ne

)
a0
∼= 1.7[GeV ]

(
P [TW ]

100

)1/3(
1018

np[cm−3]

)2/3(
0.8

λ0[µm]

)4/3

(8.1)

8.2 Efficiency and Comparison to Existing Technologies

Compared to electron beams from RF accelerators, LWFA beams described in

this thesis have the same maximum charge per pulse (nC), at least an order of

magnitude greater energy spread, and higher divergence, smaller source size, resulting

in a comparable emittance. The LWFA can accelerate electrons by 200 MeV in just

3 mm which would require a 2 m high quality linac. The major parameter which

lags behind conventional accelerator technology is the repetition rate. Supersonic

expansion used in gas jets requires a larger mass of gas than a gas cell achieving

the same plasma density, thus requiring pumping time between shots. The backing

pressure required for a circular oriface nozzle increases approximately as the square of
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the diameter. This suggests that the relatively simple gas jet may be appropriate for

LWFA to MeV -range beams at kHz+ repetition rate, but higher power laser systems

with lower repetition rate attempting to achieve high energy gain LWFA may not be

able to take full advantage of the repetition rate if a gas jet is chosen. Subsonic

nozzles could alleviate the vacuum load, but at the expense of a flat density profile.

Gas-filled capillaries and cells can already be operated with continuous gas flow.

The betatron radiation described in Sec. 4.3.4 has peak spectral brightness and

spectrum similar to 3rd generation undulator facilities as shown in Fig. 8.1. The

betatron compares favorably to conventional sources in terms of peak spectral bright-

ness, pulse duration, and source size. The betatron’s average spectral brightness,

however, is much lower due to the low repetition rate. Table 8.2 summarizes the

betatron source parameters and compares to existing and planned light sources.

Energy efficiency is a drawback for LWFA in comparison to conventional accelera-

tors. The wall energy efficiency of flashlamp-pumped lasers similar to the HERCULES

pump lasers is typically < 10%. Frequency conversion, compression losses, and beam

transport losses account for another order of magnitude decrease in efficiency. The en-

ergy in the laser pulse delivered to the target is transfered to the wakefield and then

to the beam particles. One of the energy loss mechanisms is ionization of plasma

particles, the majority of which never become trapped. These untrapped particles

experience plasma oscillations but do not steal a large amount of energy from the

laser. The amount of energy lost to ionization is relatively unimportant as well. For

example, full ionization of a cylindrical volume 100 µm diameter× 1 cm of helium at

a density 5×1018 cm−3 requires only 5 mJ . In reality, more energy than just the ion-

ization potential is transferred from the laser to plasma particles. In most examples

from this research, the most important loss mechanism is mismatch from ideal accel-

erating conditions (Ldeph = Ldepl = Laccelerator and direct laser losses from imperfect

guiding. Beams produced from a ∼ 3 J laser pulse in this research have had total
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beam energy as high as 140 mJ in a broad spectrum up to 500 MeV+ and 106 mJ

in a quasimonoenergetic beam with peak centered at 415 MeV . These examples in-

dicate an efficiency for transferring laser energy to electron beam energy of < 5%.

Ref. [79] estimates that the efficiency for this step is independent of laser parameters

for ideal operation in the bubble regime with a value of ∼ 20%. Ref. [81], however,

indicates weak dependence of efficiency upon laser power, and predicts electron beam

total energy of 230 mJ for matched parameters and laser power 100 TW and density

5 × 1018 cm−3. The electron beam pulse duration can be estimated (conservatively)

to be rb/c. For operation in the bubble regime with a0 = 4.4 and ne = 5× 1018 cm−3,

this corresponds to 33 fs. A beam with 1 nC charge and produced with a repetition

rate of 0.1 Hz then corresponds to a peak beam current of 30 kA and an average

current of 0.1 nA. The peak beam current estimate is conservative for the case of mo-

noenergetic beams, in which case all the beam electrons bunch up at the center of the

bubble. Petawatt lasers with 10 Hz repetition rate will be available in the near-term,

improving the average beam current and betatron average brightness. Additionally,

diode-pumped lasers with much higher wall efficiency are likely to be used in the next

generation high power lasers.

8.3 Future Applications

8.3.1 Compact X-ray Probes

The bremsstrahlung or betatron radiation produced can be used for inelastic scat-

tering of nuclear processes (e.g. active interrogation), metallurgy, crystal diffraction,

protein crystallography, and high time-resolution pump-probe experiments. Images

produced with the betatron source take advantage of spatial coherence, resulting in

phase contrast enhanced imaging of sharp edges. Some recent LWFA results suggest
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Comparison between the LWFA betatron source from a 10 mm gas jet
and existing and future light sources. Image courtesy of Stefan Kneip.
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ALS This research XFEL LCLS
[173] Fig. 4.6, [117] [5] [1]

Electron Epeak [GeV ] 1.9 0.5 17.5 15
Maximum Charge [pC] 1200 1000 1000 1000
Pulse length [fs] 70,000 ≤30 <100 ≤ 10
X-ray Spectrum [keV ] sync ≤ 5 sync ≤ 10 line ≤ 12 line ≤ 8
Divergence [µrad] <170 11,000 1 0.4
Source size [µm] 10(rms) 2(FWHM) 70(FWHM) 11(rms)
X-ray Peak Brightness
[ph/s/mm2/mrad2/0.1%BW ] 1019 1022 1034 1033

X-ray Average Brightness
[ph/s/mm2/mrad2/0.1%BW ] 1016 107 1025 1021

Repetition rate [Hz] 108 0.1 10 120
Facility scale [m] 200 50 3000 3000
Beamlines 39 1 1 1

Table 8.2:
Summary of parameters for current and prospective accelerator and syn-
chrotron sources.

that the electron bunches could be as short as a few fs [174]. If this is true, the be-

tatron pulse would be just as short, which is much shorter than the pulses produced

at third generation accelerator facilities.

8.3.2 Electron Beam Applications

Synchrotron losses (∝ 1/r2) have led circular particle accelerators to extremely

large size. For this reason, the next generation high energy accelerator is likely to be

linear (perhaps the ILC). In the case of the LWFA in the bubble regime, it is unlikely

that the synchrotron radiation can be decoupled from the accelerator stage. This

suggests that the bubble LWFA will be less beneficial as a TeV -scale accelerator but

well suited for moderate-high energy acceleration for industrial and medical purposes

or explicitly for radiation generation. LWFA in the linear regime, where transverse

focusing fields are much weaker than in the bubble, may be useful for high energy

acceleration with less concern about synchrotron losses.

Moderate energy LWFA electron beams could be used like a radioisotopic beta
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source with an on/off switch. For example, the beam could be used for food ir-

radiation [175], medical sterilization, disinfection, polymerization, or treatment of

industrial waste [176]. Dose can be supplied either by the electrons themselves or

by bremsstrahlung generation. Lasers capable of producing 100s of MeV electron

beams with 10 Hz repetition rate are truly tabletop devices today. Many of these

application demands could even be achieved using existing compact kHz repetition

rate devices which produce ∼ 1 MeV beams well-suited for treatment of industrial

waste. These moderate energy applications, however, do not benefit from the unique

features of LWFA beams- ultrashort pulse duration and compact acceleration length.

Therefore, conventional accelerators are likely to continue to fill these roles.

8.3.3 Staging

Designs for LWFA intended for cutting edge high energy physics will most likely

include multiple stages. At the very least, it is a good idea to include two stages- one

optimized for injection and another optimized for very low density acceleration. This

option was demonstrated in the SMLWFA regime using two gas jets in Ref. [177] and

is currently under investigation in the bubble regime [178]. LWFA beams are ideal

for injection into a second wakefield because of their subpicosecond synchronization

and ultrashort pulse duration. The difficult task of injecting a laser for each stage

while retaining the advantages of short stages is under investigation in Ref. [179] in

which a thin water jet is used as a plasma mirror.
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APPENDIX A

Plasma Frequency

This derivation relies on linearization and it includes ion motion in three dimen-

sions. The following fluid equations express charge conservation and momentum

conservation for electrons in an unmagnetized plasma:

∂ne
∂t

+∇ · (neue) = 0 (A.1a)

neme

(
∂ue

∂t
+ ue · ∇ue

)
= −neeE (A.1b)

and two more equivalent equations exist for the ions. If we linearize these four equa-

tions (assume quantities are composed of a steady-state value and a time-varying

perturbation quantity such that ne = ne0 + ne1,ue = ue0 + ue1, E = E0 + E1, etc.

and assume the perturbation quantities are very small compared to the steady-state

quantities), and that the steady-state fluid velocity and electric field are 0, the be-

havior will be predominantly described by terms with a single perturbation quantity.

Keeping only these terms leaves:

∂ne1
∂t

+ ne0∇ · ue1 = 0 (A.2a)

me
∂ue1

∂t
= −eE1 (A.2b)
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and two equivalent equations for the ions. Differentiating A.2a with respect to time

and inserting A.2b gives:

∂2ne1
∂2t

− ene0
me

∇ · E1 = 0. (A.3)

Poisson’s equation can be written:

∇ · E1 = 4πe(ni1 − ne1). (A.4)

Combining the electron and ion equations and assuming a singly-ionized plasma with

ne0 = ni0 = n0,

∂2eρ

∂2t
+ ω2

peρ = 0 (A.5)

where ω2
p is ω2

e + ω2
pi and ωpi =

√
me

mi
ωe. This equation describes harmonic motion

at the plasma frequency. For any plasmas relevant to this thesis,
√

me

mi
� 1 and the

plasma frequency is often defined to be the electron plasma frequency,

ωp ≡ ωe =

√
4πe2ne
me

. (A.6)
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Constants

mks units cgs units other

c 2.998× 108 m/s 2.998× 1010 cm/s 299.8µm/ps
e 1.602× 10−19 C 4.803× 10−10 esu
me 9.109× 10−31 kg 9.109× 10−28 g 0.5110 MeV
me/mp 1837 1837
k 1.381× 10−23 J/K 1.381× 10−16 erg/K 8.617× 10−5 eV/K
h 6.626× 10−34 Js 6.626× 10−27 ergs 4.136× 10−15 eV s

Formulas

ωp =
(

4πe2n
me

)1/2

[rad/s] = 5.641× 104
√
ne[cm−3]

ω0 = 2πc
λ0

[rad/s] = 2.355× 1015 800
λ[nm]

λp = 2πc
ωp

[µm] = 3.34× 1010/
√
ne[cm−3]

nc =
meω2

0

4πe2
[cm−3] = 1.74× 1021 8002

λ2
0[nm]

cτ [µm] = 8.994 τ [fs]
30

τHW/e2 = τFWHM√
2 ln 2

a0 = eE
meω0c

= 6.88× 10−10 λ[nm]
800

√
I[W/cm2]

vg ' vpw = c
√

1− ne/nc
γp = 1/

√
(1− v2

pw/c
2) [bubble] ' ω0√

3ωp

Ldepl ' cτFWHM
nc

ne

Ldeph ' c
c−vg

λp

2

rLarmor = mec2

eB

√
γ2 − 1 [cm] = 1.7× 103

√
γ2−1

B[gauss]

B − integral = 2π
λ0

∫ T
0
η2I(z)dz
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